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ABSTRACT 


Though two-phase (a+P) titanium alloys have poor workablity, 
they may be thermo-mechanically processed to display excellent superplastic 
behaviour in fine equiaxed a condition. Ti-6AI-4V alloy, hereafter referred to 
as Ti-6-4 alloy, is one of the most important (a+P) titanium alloy having wide 
applications in space, aeronautical and chemical industries. Further, in the 
extra-low interstitial (ELI) condition, Ti-6-4 alloy shows excellent fracture 
toughness in cryogenic environment and hence is considered to be an 
extremely useful material for making gas bottles for space vehicles. The 
conventional thermo-mechanical processing route for this alloy consists of 
heavy hot deformation in the (a+P) phase field followed by mill annealing at a 
lower temperature to obtain a fine equiaxed a phase structure surrounded by 
the p phase. Evolution of the equiaxed a structure, however, is expected to be 
influenced by the conditioning of prior p grains. The present study deals with 
the superplastic behaviour of an ELI grade Ti-6-4 alloy as influenced by its 
thermo-mechanical processing involving different routes affecting the 
conditioning of prior p grains as well as the aspect ratio of the lamellar a prior 
to rolling in (a+P) field. 

Plates of the given Ti-6-4 alloy, before their roiling in the (a+p) 
field, were subjected to five thermo-mechanical treatments involving heating 
in the p phase field followed by (a) furnace cooling, (b) water quenching with 
no deformation in the p phase field, (c) water quenching with 30% deformation 
in the p phase field, (d) water quenching with 60% deformation in the p phase 
field and (e) recrystallization of the 60% deformed sample for 30 seconds at 
10°C above the p-transus temperature followed by water quenching. Samples 
obtained from these routes were further hot rolled to give a thickness 
reduction of 75% in the (a+P) field at a temperature of 90°C below the p- 
transus temperature and were subsequently mill-annealed at the 
temperatures of 250°C, 150®C and 100°C below the p-transus temperature. 
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Abstract 


Results of the present study show that the unconventional routes 
investigated in this study produce considerably finer structures than those 
obtained by the conventional route. Microstructures obtained by each of the 
new routes were found to have an average a phase size < 2\xn). It was also 
found that though the alloy water-quenched from the {a+3) field contains only 
the hexagonal martensite, that water-quencehed from the J3 field, even 
subjected to these unconventional thermo-mechanical routes, possessed 
hexagonal as well as orthorhombic martensites. Characterization of the 
superplastic behaviour of different thermo-mechanically processed alloy was 
done by (a) ‘step strain-rate test’ and (b) ‘elongation to failure test’. The 
samples obtained from different processing routes were found to have strain 
rate sensitivity ranging from 0.25 to 0.87. Samples of ELI grade of Ti-6-4 alloy, 
treated by route (d), were found to have the maximum elongation of 695% at 
the strain rate of 1 .5x1 0"^ s'^ at the testing temperature of 850°C. 



CHAPTER 1 


INTRODUCTION 

Interest in the properties of Ti and its alloys began to acxderate 
during the late 1940s and early 1950s as their potential as high temperature, 
high strength/weight materials with aeronautical applications became more 
and more widely recognized. By now, these alloys have found widespread 
use in the chemical and related industries also, where advantage can be 
taken of its excellent corrosion resistance[4,95]. 

Titanium alloys are usually divided into three major classes 
depending on the phases present in their microstructure at room temperature 
and are referred to as a alloys, a+p alloys and p alloys. The group a+p alloys 
consists of largest number of superplastic alloys. These are alloys whose 
compositions are such that they support a mixture of a and p phases in the 
microstructure. They also have high room temperature strength and moderate 
elevated temperature strength. The properties of a+p alloys can be controlled 
by heat treatment and thermomechanical treatment, which are used to adjust 
the microstructural and precipitational states of the p component. 

Morphology of the primary a phase in the a+p titanium alloys is 
of considerable importance from the point of view of controlling their static and 
dynamic mechanical properties. Equiaxed microstructures often show a 
higher tensile ductility and superior fatigue strength values, especially when 
the a grain size is reduced, whereas they are inferior to lamella structures 
concerning fatigue crack propagation and fracture toughness values[96]. Slow 
cooling into the a+p phase field leads to a very coarse lamellar arrangement 
while water quenching from the p phase field followed by an annealing 
treatment in the two phase field leads to a finer lamellar structure. Equiaxed 
microstructures require an additional deformation treatment within the a+p 
phase field followed by mill annealing at about 700°C. 


3 




Chapter 1: Introduction 


Though a+p titanium alloys possess good mechanical 
properties, they have poor workability. Hence, superplastic forming has 
emerged as one of the commercially viable production route. The 
microstructure of the alloy has important bearing on the superplastic 
properties and one of the essential requirements of superplasticity in these 
alloys is that the structure should consist of a+p structure in which the primary 
a exists in a very fine equiaxed morphology. Therefore obtaining fine 
equiaxed structure in the material, so that they can be further processed by 
superplastic forming, has become one of the major objectives in processing of 
a+P titanium alloys. 

The deformation behaviour of the a+p alloys in the two phase 
field is strongly influenced by the deformation characteristics of the difficult-to- 
form hep a phase. It occurs both by slip and twining. Further as observed by 
the nature of the stress-strain curves and TEM analysis of the structure, these 
alloys soften by dynamic recovery and/or by dynamic recrystallizatiuon during 
their hot deformation[97]. Hot deformation degree, if exceeding a critical 
value, may also lead to the fracturing of deforming a lamellae and give rise to 
primary a lamellae of smaller aspect ratio[98]. Subsequent break-up of a 
lamellae to equiaxed morphology occurs during subsequent recrystallization 
annealing when the p phase penetrates across the lamellar width along the 
sub-boundaries or shear bands. The mode of deformation also affects the 
transformation of lamellar a to equiaxed a by primarily influencing texture. 

To reduce structural weight and fabrication cost of titanium 
alloys, increasing attention is being given to near-net shape processing 
techniques like superplastic forming and to improve SPF by optimizing the 
material and process parameters. Recently widespread results have shown 
that SPF with or without concurrent diffusion bonding can result in substantial 
cost savings, creating great interest in SPF method. 

To date most SPF works were concentrated on Ti-6AI-4V in the 
temperature range 900-925°C. The required microstructure for SPF were 
produced by conventional thermomechanical processing schedules in most of 
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these works. The scxjpe of refining the structure by proper p treatment prior to 
the conventional thermomechanical processing is not investigated thoroughly 
for this alloy. The results and understanding of the refinement process for 
development of suitable microstructures for superplastic forming can lead to 
more precision shapes to be formed by superplastic forming in this alloy. 

The present study was undertaken to investigate 

(i) the microstructural refinement in Ti-6AI-4V alloy by 
involving the conditioning of p grains and acicular a prior 
to hot rolling in the a+p field, 

(ii) the superplastic behaviour of the material before and after 
recrystallization annealing in the a+p phase field. 
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CHAPTER 2 


LITERATURE REVIEW 


2.1 Titanium and Its Alloys 

2.1.1 Properties of Ti and Its AHovs 

Titanium possesses an outstanding combination of physical, 
chemical and mechanical properties. Titanium metal exists in two allotropic 
forms. The low temperature form, stable below 882.5°C, has a hexagonal 
close-packed structure and is known as a-titanium. The high temperature 
form, stable above 882.5°C, has a body centred cubic structure and is known 
as p-titanium. Titanium is a low density element. Density of a-titanium at 
25±2°C, as calculated by Clark[1], is 4.505 gm/cm®, whereas that of p-titanium 
at 900°C, as calculated by Burgers and Jacob[2], is 4.32 gm/cm^ Young’s 
modulus of titanium generally lies in the range (11.0±0.4)x10''‘' dyne/cm^[3]. It 
is paramagnetic in nature and shows a relatively lower coefficient of linear 
thermal expansion and high electrical resistivity. Some important physical 
properties of titanium are shown in Table 2.1 [3,5]. 

With strength capability most equal to that of low carbon steels 
and density nearly half (56 %) of them, titanium alloys can be strengthened to 
achieve a specific strength (strength per unit weight) equal to that of ultra high 
strength steels. Table 2.2[4] shows typical room temperature tensile strength 
of some commercial titanium alloys. Titanium approaches the high hardness 
value possessed by some of the heat-treated alloy steels[29]. 

Titanium and its alloys have exceptionally high fatigue strength, 
if the surface is carefully prepared. It is 0.82 and 0.31 of tensile strength for 
unnotched and notcihed samples, respectively and thus lies in the same range 
as the steels[3,6]. Fatigue crack growth rates of annealed Ti-6AI-4V alloy in 
distilled water are enhanced as compared with that in air; the growth rates are 
found to decrease with increasing temperature and frequency[7]. These alloys 
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Table 2.1 : 



Atomic Number 

22 

Atomic Weight 

47.90 

Atomic Volume 

10.6 W/D 

Covalent Radius 

1.32 A 

First Ionisation Energy . 

158 K-cal/gm-mole 

Thermal Neutron Absorption Cross Section 

5.6 bams/atom 

Colour 

Dark Gray 

Density 

a - 4.505 gms/cm^ at 25±2°C 
p - 4.32 gms/cm^ at 900°C 

Melting Point 

1941±10 K 

Solidus/Liquidus 

1998±10K 

Boiling Point 

3533 K 

Specific Heat(at 25°C) 

0.518 J/kg K 

Thermal Conductivity 

9.0 BTU/hrft2°F 

Heat of Fusion 

440 kJ/kg 

Heat of Evaporation 

9.83 MJ/kg 

Heat of Transformation 

678 cal/mole 

Yong’s Modulus 

10.7x10^^ dyne/cm^ 

Temp. Coeffn. Of Young’s Modulus 

6.28x10® dyne/cm^ °C 

Modulus of Rigidity 

(3.87+0. 1)x10^^dyne/cm2 

Poisson’s Ratio 

0.36 

Coefficient of Friction 

0.8 at 40 m/min 

Coefficient of Linear Expansion 

(8.35±0.15)x10-®/°C at 15°C 

Electrical Resistivity 

(42.05±0.5)x10-® ohm-cm 

Magnetic Susceptibility 

3.2±0.4 emu/gm 

Work Function 

4.05±0.1 eV 

Electronic Specific Heat 

8.0+1 0-^cal/°C mol 
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Table 2.2 : Typical Room Temperature Tensile Strengths Of Some 
Commercial Titanium-base Alloys 


Alloy 

Nominal 

Condition 

UTS 

YS 

Elong 

Name 

Composition 


10® Nm"* 

10® Nm"* 

% 

■SIB 

Ti-5AI-2.5Sn 

A,.25-4h,1300-1600°F 

8.3-9.0 

7.9-8.3 

13-18 

■ilB 

Ti-3Al-2.5Sn 

A,1-3h,1 200-1 400°F 

6.5 

6.2 

22 

6-2-1 -1 

Ti-6AI-2Nb-1Ta- 

A,.25-2h,1300-1700“F 

8.6 

7.6 

14 


IMo 





8-1-1 

Ti-8Ai-1Mo-1V 

A,8h.1450°F 

10.0 

9.3 


Corona 5 

Ti-4.5AI-5Mo-1 .5Cr 

a-p A, after p 

9.7-11.0 

9.3-103 

12-15 



processing 




Ti-17 

Ti-5AI-2Sn-2Zr- 

a-p or p processed + 

1.4 

10.7 

8 


4Mo-4Cr 

Ag. 




6-4 

Ti-6AI-4V 

A,2h,1300-1600°F 

9.6 

9.0 

mm 



Ag. 

11.7 

11.0 

■9 

6-6-2 

Ti-6Al-6V-2Sn 

A,3H,1 300-1 550°F 


10.0 

mgm 



Ag. 

mm 

12.1 

■ 


Ti-6Al-2Sn-4Zr-2Mo 

A,4H,1 300-1 550°F 

10.0 

9.3 

15 

■■■ 

Ti-6AI-2Sn-4Zr-6Mo 

A^.ISOO-IOOO'-F 

10.3 

9.7 

11 

nn 


Ag. 

12.1 

11.4 

8 

6-22-22 

Ti-6AI-2Sn-2Zr- 

a-p processed+Ag. 

10.0 

10.1 

14 


2Mo-2Cr-.25Si 





10-2-3 

Ti-10V-2Fe-3AI 

A,1h,1400°F 

9.7 

9.0 

9 



Ag. 

12.4-13.4 

11.4-12.4 

7 

15-3-3-3 

Ti-15V-3Cr-3Sn-3AI 

A,.25h,1450°F- 


mm 

20-25 



Ag. 

■iH 


8 

13-11-3 

Ti-13V-11Cr-3AI 

A,.5h,1400-1500°F 

9.3-9.7 

8.6 

18 



Ag. 

12.1 

11.4 

7 

38-6-44 

Ti-3AI-8V-6Cr-4Mo- 

A,.5h,1500-17-°F 

8.3-9.0 

7.8-8.3 

10-1^ 


4Zr 

Ag. 

12.4 

11.7 

7 

p-lll 

Ti-4. 5Sn-6Zr- 

A,.5h,1300-1600°F 

6.9-7.6 

6.5 

23 


11.5MO 

Ag. 

12.4 

11.7 

7 


A Annealed Ag. -> Aged 
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showed creep at room temperature; creep strength of titanium normally 
decreases at first, but at 120°C begins to increase again, reaching a 
maximum at 200°C, thereafter falls gradually with increase in temperature. 
Cold working of titanium increases its creep resistance at room 
temperature[3,6]. The Charpy impact strength dropped from an average of 15 
ft-lb at room temperature to about 6 ft-lb at liquid nitrogen temperature[ 6 ]. The 
specific fracture toughness (fracture toughness, Kic, per unit weight) of 
titanium alloys is superior to most of the structural materials. Table 2.3 and 
2.4 compares some mechanical properties of Ti and its alloys with some other 
metals and alloys. 

Titanium and its alloys are resistant to corrosion by most 
reactive substances, their resistance is better than that of stainless steel. It is 
attacked by hydrofluoric acid and acids containing fluorides, at room 
temperature[ 8 ], but resistant to almost all other corroding media. They also 
show excellent stress corrosion behaviour except in red fuming nitric acid[3]. 
They show excellent atmospheric and marine corrosion resistance. Cavitation 
resistance of Ti-6AI-4V in water is superior to stainless steel[9]. 

Titanium reacts with oxygen, nitrogen, hydrogen and most 
gaseous compounds like CO, CO 2 , H 2 O, NH 3 etc. at elevated temperature. 
Nitrogen is a strong a stabilizer and not only forms nitride scale, also goes 
into the lattice. The reaction is irreversible, though kinetics of this reaction is 
very slow[16]. Oxygen is also a strong a stabilizer, which forms oxide scales 
and goes into the solid solution, increasing the a/p transition temperature and 
increasing the hardness of the oxygen enriched zone near the surface. This 
reaction is also irreversible. In the oxidation of titanium, the following reaction 
may be expected to occur at metal/oxygen interface[17]. 

Ti + O Ti(0) Ti60-> TbO-^ Ti20-> Ti302-> TiO-> Ti203-^ TbOs-^ Ti02 

Hydrogen is one of the most dangerous contaminants in Ti, 
though its reaction with Ti being reversible, vacuum annealing can cause 
dehydrogenation. The effects of hydrogen are : 
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Tabte 2.3 : Comparative Properties of Some Metals 


Metal 

UTS 

(10^ 

psi) 

Yield 

(10® 

psi) 

Eiong. 

(%) 

M 

Modulus 

Elastic. 
(10® psi) 

Modulus 

Rigid. 
(10* psi) 

BHN 

* 

Charpy 

impact 

(ft lb) 

Al 

9 

3 

60 

70 

10 

3.87 

15 

19 

Cu 

37 

14 

15 

52 

16 

6 

47 

16 

■1 

40 

20 

40 

80 

29.7 

10 

90 

- 

Mg 

27 

10 

15 

50 

6.25 

B 

37 

- 


44.3 

22.7 

47 

75 

29.1 

11.6 




35 

20 

55 

80 

15 

5 

85 

100 


75 

55 

25 

50 

16 

5 

180 

30 


* Ferrous and titanium metals measured with 3000-kg load and a 10-mm ball, 
other metal measured with a 500-kg load and a 10-mm ball. 
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Table 2.4 : Comparative Properties of Some Alloys 


Metal 

UTS 

(10^ 

psi) 

Yield 
(10® psi) 

Elong. 

(%) 

R.A. 

(%) 

Modulus 

Elastic. 
(10^ psi) 

Modulus 

Rigid. 
(10® psi) 

BHN* 

Charpy 

Impact 

(ft lb) 

Ti 

(3AI-5Cr) 

150 

135 

18 

45 

17 

6 

290 

24 

Steel 

(4340) 

145 

135 

20 

58 

28.7 

12 

285 

52 

Stainless 

Steel 

(18-8) 

89.4 

28 

61 

75 

29 

- 

140 

- 

Al 

(4S-0) 

26 

10 

25 

50 

10 

3.9 

45 

- 

Al 

(75S-T6) 

82 

72 

11 

40 

10.4 

3.9 

150 

- 

Mg 

(AZ31) 

37 

22 

21 

i 

1 

25 

6.5 

■ 

56 

3.2 


* Ferrous and titanium metals measured with 3000-kg load and a 10-mm ball, 
other metal measured with a 500-kg load and a 10-mm ball. 
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a) Causing strain aging 

b) increasing notch sensitivity, specially below 0°C 

c) causing strain rate sensitivity, tensile strength and elongation to be lower 

at lower strain rates 

d) stabilizing |5 phase 

e) forming hydrides and causing embrittlement. 

Ti alloys containing hydrogen above 150 ppm become brittle under stress at 
high temperature[8]. 

In air titanium is most readily attacked by water vapour, which is 
dissociated by titanium at high temperature into hydrogen and oxygen. Hence, 
care should be taken starting from melting to heat treatment of titanium and its 
alloys. 

All the customary techniques used in joining metals have been 
successfully applied to titanium and its alloys, except for soft soldering. But 
care should be taken during joining to prevent a->p transformation to get a 
metallurgically sound structure. 

Most of the dual phase titanium alloys of the family represented 
by Ti-6AI-4V can show a high value of strain rate sensitivity of stress 
approaching to unity which puts them among the most desirable candidate 
materials for isothermal forging and superplastic forming-diffusion bonding. 


2.1.2 ImJ! ortant Uses of Ti and Its Alloys 

Interest in the properties of Ti and its alloys began to accelerate 
during the late 1940s and early 1950s as their potential as high temperature, 
high strengthArteight material wth aeronautical applications becoming more 
and more widely recognized. Ti and its alloys have, by now, found widespread 
use in the aerospace industry and in the chemical and related Industries. 
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As a consequence of their high strength/weight ratio, resistance 
to corrosion and low thermal conductivity, Ti alloys are likely candidate for low 
temperature; structural applications. Due to the heat resistant property, alloys 
like Ti-6242 are being used at temperature up to 480-51 0°C. Ti-11, having 
heat resistance, surface stability and improved creep strength, is intended for 
use in aircraft gas turbine engines[4]. Ti-alloy forgings for landing gear 
components, compressor blades and discs; sheets for turbine liners, baffles, 
skin assembly, tail cones etc. are prescribed by the Bureau of Aeronautics, 
USA[6]. Ti-6AI-4V and other Ti-alloys are used in different parts In Boeing 777 
due to advantages in weight savings, volume constraints, operating 
temperature, electrical compatibility with carbon-free-reinforced polymer 
(CFRP) composites and corrosion resistance[10]. It is also used in racing car 
springs. Good hot strength and low thermal conductivity enhances the use of 
Ti-alloys in firewalls, nacelles and compressor blades in supersonic 
aircrafts[6,8]. High static and fatigue strength, reasonable ductility, resistance 
to corrosion and pitting and better fatigue property of Ti-6AI-4V replaces 
stainless steel in producing steam turbine blading[11]. It also replaces monel 
in producing ball valves. It is also used in manufacturing equipments for 
subsurface geological exploration. Ti-6AI-4V is reported to be used in 
produdng different parts like wheel hubs, centrifuges etc in Airbus A320 and 
Airbus A300/A310[12]. High-strength Ti-6AI-4V alloy is used in producing six 
different parts in new turbo-fan engines like V25CK), by superplastic 
forming[13]. Figure 2.1 [12] shows aircraft applications of titanium. 

Titanium is currently used widely in under water structures due 
to its unique combination of high strength to weight ratio, excellent corrosion 
resistance, good fabricability, weldability and shock resistance 
characteristics[14]. Titanium is used in flash suppressors for artillary, field 
gun, anti-aircraft gun and airborne missiles in military applications[6] and also 
in some parts in Navy submarine ships, it is used in mortar base plates, 
guided missiles, rockets etc. Titanium armour plates repladng steel gives up 
to 44 % weight saving with equal resistance to ballistic attack[29]. 
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Figure 2.1(a) Titanium Aircraft Channel Sections 



Figure 2.1(b) Major Fabricated Titanium Parts of The North American 

FJ-2Jet Fi » hter 
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Decreased fuel consumption, better fatigue strength is obtained 
in piston rods of titanium in automobile industries, specially In Formula I racing 
cars[29,30]. Titanium’s high electrical resistance and nonmagnetic property is 
utilized as cable armour material in electrical industries[29]. 

Seamless titanium tubings are developed for possible use in 
aircraft, hydraulic systems of aircraft, tennis racket, bicycle frame and wheel 
chairs[31]. 

Good strength, resistance to pitting and crevice corrosion even 
in acidified hot sea water, resistance to stress corrosion cracking and 
capability of resisting any local destruction of passive oxide films makes Ti- 
6AI-4V a potential candidate for offshore petroleum hostile environment 
exploitations[32]. 

Due to excellent corrosion resistance displayed by titanium and 
its alloys, they find extensive applications in heat exchangers, reactor vessels 
in desalination plants, condenser tubings and several other components in 
chemical, marine, petrochemical, offshore and power generation industries. 
Chemical process related industries use about 25 % of the current titanium 
production and this usage has been growing now at about 12 % per year. Its 
non-toxicity, excellent corrosion resistance under body condition and bio- 
compatibility is made use of in prosthetic devices such as cages and balls of 
heart-valves, housings of pacemakers and leg bone replacements or 
splints[15,33]. 

Though strength efficiency is the prime consideration for 
structural applications and in aerospace industries, which have majority of 
demand for titanium alloys, other requirements like fatigue life, fracture 
toughness, creep, microstructural stability at high temperature may also have 
to be met depending on the nature of application. To meet these multifarious 
requirements, different alloys have been developed. 
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2.1.3 Classification of Ti-Allovs 

Pure titanium has two allotropic modifications, a-titanium and j3- 
titanium, as mentioned earlier. The allotropic transformation temperature is 
882.5°C (1155.5 K)[19,20]. Table 2.5 lists lattice parameters of the two 
phases[1,2,21] 


Table 2.5 : Lattice Paramaterfmean) Values of a- and B-Titanium 



A 

c 

c/a 


2.9503±0 0004 A 

4.683110.0004 A 

1.587310.0004 

a 

3.283±0 003 A 




Alloy additions to titanium except tin and zirconium tend to 
stabilize either the a or the p phase. Sn and Zr are interesting alloying 
elements in that they have extensive solid solubility in both the a and p 
phases. They only slow down reaction kinetics and are useful strengthening 
agents. 

Elements which when dissolved in Ti produce little change in the 
transformation temperature or cause it to increase are known as “a 
stabilizers”. They are simple metals or interstitial elements, eg., Al, C, N, 0 
etc. Rosenburg[22] has suggested an expression for the aluminium equivalent 
Al* of the alloy : 

Al* = [Al] + [Zr]/6 + [Sn]/3 + 1 0[O + C + N] wt % 

Alloying additions which decrease the phase-transformation 
temperature are referred to as “P stabilizers”. They are generally transition 
metals or noble metals, eg., Mo, V, Ni. Mn, Cu, Cr. Fe, H, Si etc. 
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Molchanova[19] has suggested an expression for Mo equivalent Mo* of the 
alloy : 

Mo* = [Mo] + [Ta]/5 + [Nb]/3.6 + [W]/2.5 + [V]/1.5 + 1.25[Cr] + 1.25[Ni] 

+ 1.7[Mn]+ 1.7[Co] + 2.5[Fe] 

p-stabilized systems can be of two types ; p isomorphous and p 
eutectoid, depending upon whether decomposition of p to a plus eutectoid 
products occur under equilibrium condition. Figure 2.2 to 2.4 shows some 
typical phase diagrams of a and p stabilized systems[23]. Figure 2 5 shows a 
simple classification scheme for binary Ti-alloy phase diagrams[4]. The type 
and concentration of alloying elements determine the equilibrium condition, 
which forms the basis for classification of titanium alloys. Depending on the 
type of alloying additions made, technical alloys of Ti are classified as “a”, 
“a+P” and “P”. Table 2.6 lists some examples of commercial Ti-alloys with 
their classes[4]. 

2.1.3.1 g -alloys 

These alloys contain no or only a stabilizers as alloying 
additions and at ordinary temperature these have hep a phase only. Due to 
single phase nature of these alloys, no microstructural strengthening can be 
achieved in them. Solid solution strengthening [22] of them is also limited 
because an aluminium equivalent of more than 9.0 promotes the formation of 
the brittle phase 02 . These alloys, according to Wood[24], are characterized 
by satisfactory strength, toughness, creep resistance and weldability. 
Furthermore, the absence of a ductile-brittle transformation, a property of the 
bcc structure, renders a alloys suitable for cryogenic applications[25]. These 
alloys have poor workability. Examples are unalloyed Ti and Ti-5Al-2.5Sn. 

2.1. 3.2 (g + B) aftovs 

These alloys have a mixture of a and p phase at room 
temperature and in practice, they usually contain mixtures of both a and p 
stabilizers. The simplest of sudi alloys and undoubtedly the most important is 
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Figure 2.3 B-lsomorphous System 



Figure 2.4 B-Eutectoid System 
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Binary Titanium Alloys 
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Figure 2.5 Classification Scheme for Binary Ti-Allov Phase Pia.» rams 

a and j3 are solid solution alloys, y represents an intermetallic compound. 
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Table 2.6 : Structural Classes Of Commercial Titanium-base Alloys 


Alloy 

Classification 

Ti-5Al-2.5Sn 

a 

Ti-8AI-1Mo-1v 

Ti-6AI-2Sn-4Zr-2Mo 

Ti-6AI-4V 

Ti-6AI-2Sn-6V 

Ti-3AI-2.5V 

Ti-6AI-2Sn-4Zr-4Mo 

Ti-5AI-2Sn-2Zr-4Cr^Mo 

Ti-3Al-10V-2Fe 

a+{5 

Ti-13V-11Cr-3AI 

Ti-15V-3Cr-3AI-3Sn 

Ti^Mo-8V-6Cr-4Zr-3AI 

Ti-8Mo-8V-2Fe-3Ar 

Tu-11.5Mo-6Zr-4.5Sn 

P 
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ji_6AI-4V, which is difficult to form even in the annealed condition[25]. But 
(a+P) alloys generally exhibit good fabricability, high room temperature 
strength and moderate elevated temperature strength. Alloys containing more 
than 20 % P phase at room temperature are not weldable. The properties of 
(a+P) alloys can be controlled by heat treatment, which is used to adjust the 
microstructural and precipitational states of the p component. Figure 2.6 and 
2.7 show vertical and horizontal sections of Ti-Al-V system, respectively[4]. 

2.1.3.3 B alloys 

Generally transition metal solutes are stabilizers of the bcc, p 
phase and hence, the p alloys contain one or more of them. Typical examples 
of p alloys, which have p phase at room temperature, are Ti-1 5Mo-5Zr and Ti- 
15Mo-5Zr-3Al. The p alloys have high density, poor ductility, poor oxidation 
resistance and hence, of less commercial importance. They are extremely 
formable[24], prone to ductile-brittle transformation[26] and unsuitable for low 
temperature applications[25]. 

Since the present investigation is concerned with the titanium 
alloy, Ti-6AI-4V, an (a+P) alloy, the discussion henceforth will only be confined 
to the family of (a+p) alloys. 


2.1.4 Importance of fg+B) Alloys 

As a class, (a+P) alloys account for more than 75 % of all titanium used[27] 
and Ti-6AI-4V accounted for 56 % of the total output in 1 972[24]. (a+P) alloys 
have been designed to combine the better part of properties of both a and p 
alloys. Because of its dual phase nature, a wide range of microstructural 
features, varying in size and morphology of both the constituent phases, can 
be obtained in them. Since the rule of mixture is not followed by them[28], a 
considerable amount of microstructural strengthening can be imparted to 
them. Thus, for the same alloy, it is possible to have a wde range of property 
levels by altering the morphology and size of its 
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Figure 2.6(b) Vertical section of The Ti-AI-V Vs T E quilibrium Phase 

Prism at 2.4,6 and 8 Wt% V 
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Figure 2.7 Isothermal fHorizontall Sections of The Ti-AI-V Vs T 
Equilibr ium Phase Prism at The Tem reratures Indicated 

The solid circle represents the alloy Ti-6AI-4V. 


I 
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microstructural constituents. Yield strength, tensile strength and ductility are 
not influenced much by a change in microstructure, whereas fracture 
toughness, fatigue strength, fatigue crack propagation rate, creep resistance, 
creep rupture strength and above all, the superplastic behaviour, with which 
the present investigation is concerned, vary drastically with the microstructural 
states of the material. 


2.1.5 Microstructural Features of Ti-Allovs r 42.43.441 

Microstructures are characterized by nature of phases present, 
their shape, size, morphology which, in turn, are functions of heat treatment 
and working schedule. Before going to the details of microstructure and 
property control, hence, it is necessary to have a look at common 
microstructural features In Ti-alloys. 

a) Primary a (gp) : 

It refers to the a phase in crystallographic structure which is 
retained from the last high temperature (a+P) working or heat treatment. The 
morphology of ap is influenced by the prior thermo-mechanical treatment and 
can be lamellar, equiaxed or mixed. 

b) Secondary a or transformed B : 

A local or continuous structure, comprised of decomposition 
products arising by nucleation and growth during cooling through the 
subtransus region. Primary and regrowth a may be present, it typically 
consists of a platelets which may or may not be separated by p phase. 

c) Blockv g : 

a phase, which is considerably larger and more polygonal than 
the ap. It may arise from long exposure high in the (a+P) field or by slow 
cooling through the p transus. 
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d) Elongated a : 

A fibrous type of a structure brought about by unidirectional 
metal working. It may be enhanced by the prior presence of blocky and/or 
grain boundary a. 

e) Widmanstatten structure : 

A structure of a platelets or a and p platelets resulting from 
cooling from a temperature above the p transus. The platelets often produce a 
basket-weave appearance. 

f) Grain boundary a : 

Primary a outlining prior p grain boundaries. It occurs by slow 
cooling from the p field into (a+P) field and may be continuous, unless broken 
up by subsequent work. 

g) Acicular a : 

This is a product of nucleation and growth from p to the lower 
temperature allotrope a. It may have a needle-like appearance. 

h) Alpha case : 

The oxygen, nitrogen or carbon enriched alpha stabilized 
surface, which results from elevated temperature exposure. 

i) Hexagonal martensite (a') : 

A supersaturated, non-equilibrium hexagonal phase formed by a 
diffusionless transformation of the p phase. 

j) Orthorhombic martensite fa”) : 

A supersaturated, non-equilibrium orthorhombic phase formed 
either by transformation of metastable p during quenching (Mo, the maximum 
temperature at which a" begins to form on cooling) or by stress-induced 
transformation of retained mfetastable p. 


26 



Chapter 2: Literature Review 

k) FCC and FCO martensites : 

Face-centered cubic and face-centered orthogonal martensites 
found during TEM analysis of some binary Ti alloys, produced probably as a 
result of hydrogen contamination. 

l) aostucture : 

A structure consisting of the ordered a phase, TisAI. 

m) Equilibrium B : 

Some equilibrium p phase present at room temperature due to 
partitioning of p stabilizers, in (a+P) and p alloys. 

n) Beta flecks : 

Regions enriched in a p-stabilized element due to segregation 
during ingot solidification, present in, generally, p alloys having high amount of 
p-stabilizer. 

o) Metastable B : 

P phase composition that can be partially or fully transformed to 
martensites, a or eutectoid decomposition products with thermal or strain 
energy activation during subsequent processing or service exposure. 

P) Intergranular B : 

P phase situated between a grains. 

q) Omega Phase (cd) : 

A non-equilibrium, submicroscopic phase formed either 
isothermally during aging at about 475°C or athermally during quenching, 
often thought to be a transition phase during the formation of a from p. 

r) Gamma phase M : 

An ordered structure of Ti-AI compound. 
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s) Hydride phase : 

The phase TiHx formed in titanium when the hydrogen content 
exceeds the solubility limit. 

t) suicides : 

In high silicon bearing alloys, Si combines with Ti and other 
alloying elements to form complex compounds as precipitates known as 
silicates, eg., TfeSb, Ti-Mo-Si etc. 

u) Interface phase : 

It is a reaction product that forms at the interface between a and 
P phases of alloys like Ti-6AI-4V, probably due to hydrogen absorption. It has 
both fee and hep forms. 

Different microstructural standards for (a+P) titanium alloys are 

given in [42]. 


2.1.6. MICROSTRUCTURE AND PROPERTY CONTROL : 

The microstructure of (a+p) titanium alloys strongly depends 
on both processing and heat-treatments, varying which, a wide range of 
microstructural varieties are produced and these result in the widest range of 
properties. It has been observed that the percentage, size and distribution of 
the a phase as well as prior and/or recrystallized p grain size play a key role 
in determining fatigue, fracture toughness and tensile properties. Especially 
morphology of primary a phase in a+p titanium alloys is of considerable 
importance from the point of view of controlling their static and dynamic 
mechanicel properties. The presence of equiaxed primary a phase in 
microstructure promotes ductility at low temperatures, fatigue crack initiation 
resistance and elevated temperature flow characteristics. Similarly, improved 
fracture toughness, fatigue crach propagation resistance, creep and stress 
rupture strengths are obtained in microstructure possessing lamellar primary 
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a phase. A bimodai microstructure with the smallest amount of primary 
equiaxed a phase - embeded into a fine lamellar a-p structure - called 
'quasilamellar', combines the creep rupture properties and fatigue behaviour 
almost same as lamellar structure and also high temperature tensile strength 
and ductility comparable to equiaxed structure. It has been found out by 
Margolin et.al.[99] that in the microstructure containing equiaxed a in an aged 
p-matrix, the mean free path, X , between a particles appears to play an 
important role in determining tensile RA. They observed that voids form at the 
equiaxed a-aged p-interfaces at low tensile strains. As the strain is increased, 
these voids readily grow along the interfaces before they by necessity must 
grow through the matrix. They proposed that their ease of growth depends 
upon the spacing of the a-particles, which act as obstacle to growth. As X 
decreases, a growing void encounters more obstacles and growth is impeded. 
This results in greater strain to fracture and higher attainable ductility. It has 
also been shown that refinement of the prior p grain-size creates a more 
tortuous path for fracture, the net result being more difficult void growth and 
hence higher achievable tensile ductility. 

Greenfield and Margolin [99] have shown the effect of prior p-grain size and 
grain-boundary a thickness on fracture toughness of accicular a 
morphologies. Fracture toughness increases in both equiaxed and accicular 
a-structure as the prior p grain size decreases, presumably due to more 
tortuous crack propagation path encountered. High fracture toughness is also 
a result of shape characteristics of the accicular a phase. 

Work by Ho and Margolin [99] shows that fatigue crack initiation at low 
stress occurs more readily in structures with coarser a, both in accicular and 
equiaxed. Again in strain controlled low cycle fatigue tests it has been found 
that number of cycles to pin-point crack initially was significantly lower with an 
accicular structure as compared to an equiaxed microstructure [99-101]. 
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2.1.6.I. EFFECT OF HEAT-TREATMENT : 

The microstructurai changes that can be brought about through thermal 
treatments are numerous. Generally lamellar microstructures are obtained by 
only heat treatments without any mechanical working. 

When quenched from above p-transus temperature it is difficult to form a 
fully martensitic structure in TI-6AI-4V alloy which is leaner in p-stabilizers. 
since the kinetics of a-phase nucleation and growth reaction are more rapid. 
Thus in thick sections of Ti-6AI-4V, it is unlikely that fully martensitic structure 
will be produced during quenching. As a result of nucleation and growth of a- 
phase, it is frequently present at preferred nucleation sites such as prior p- 
phase grain boundaries. 

Lamellar microstructures require only thermal treatments The martensitic 
structure (a') established by water quenching from above the p-transus is very 
unstable. Short annealing in the a+p phase field are sufficient to precipitate 
the p phase at boundaries of martensitic needles which results in a fine 
lamellar a+p microstructure. Remarkable coarsening of the lamella takes 
place only at high annealing temperatures in the two phase field near the 
phase boundary. This coarsening process demands a relatively long time due 
to long diffusion paths. Coarse lamellar structures are achieved by slow 
cooling from above the p-transus into the two phase field. In this case, a 
phase precipitates from the p phase. Length of the lamella Is restricted by the 
former p grain size, whereas the width is diffusion controlled and can be 
coarsened by decreasing the cooling rate. Duplex heat treatment mode has 
also been developed to synthesize a microstructure with the high toughness 
characteristics of acdcular structure and high ductility of equiaxed 
morphologies. A volume fraction of 1 0 - 25 % globular or nearly equiaxed a is 
developed by processing or heat-treating high in the two phase region. 
Subsequent thermal treatment at a lower solution temperature results in the 
formation of accicular a phase termed secondary a. The final step involves 
aging the remaining p to the desired strength level [23.96,98,99]. 
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2.1. 6.2 EFFECT OF WORKING : 

Microstructural changes brought about through processing are numerous 
and vaned and are dependant on alloy content and working history. If working 
is initiated and completed at temperatures in the p-field, the resulting 
microstructure will be entirely transformed. The transformation product will 
consist of acicular or plate-like a, depending on section size and cooling rate. 
The structure will also show evidence of coarse equiaxed prior (3 grains. 
Structures developed in this manner are not changed significantly through the 
use of subsequent thermal treatments. Fine accicular structure can be 
coarsened somewhat by heating in the (a+p) field, but the coarse prior p 
structure can be altered only by further working at a temperature below the p 
transus. 

If the work is initiated in the p field and finished in the (a+P) field, the 
resulting microstructure will be predominantly transformed p. The prior p grain 
boundaries will be distorted and partially broken up due to lower finishing 
temperature. Work carried out entirely in the (a+P) field generally yields a fine 
gram structure with little or no evidence of transformation product. 

When total strain is kept same and strain ratios in (a+P) and p phase field 
are varied, material deformed more in p phase field have been observed to 
have microstructure with coarser a lamella in comparison to those observed in 
samples given a higher deformation in the (a+P) phase field [23,100]. 


2.1. 6.3. EFFECT OF THERMO-MECHANtCAL TREATMENT : 

Thermo-mechanical processing, both in single phase p as well as two phase 
(a+P) field, is the most effective method of modifying and controlling the 
morphology of the primary a-phase. While the lamellar a-morphology arises 
during slow cooling of the alloy through the (a+P) two phase field, equiaxed 
morphology generally results from the recrystallization/ mill annealing of the 
structure which is obtained by imparting sufficient deformation in the alloy 
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below its p-transus temperature. Thermo-mechanical processing is strongly 
influenced by the factors, 

1 ) the degree of prior deformation in the p-phase field. 

2) working temperature and, 

3) the mode of deformation. 

The first two influence the morphology of primary a as well as the texture, and 
the third one primarily influence the texture which, in turn, affects the a-phase 
morphology during recrystallization annealing. 

When the material is warm-worked below the recrystallization temperature, 
equiaxed a-grains are nucleated at the a/p interface upon subsequent 
annealing. The rate at which lamellar a transform to equiaxed a is a function 
of annealing temperature, time and the amount of work a-phase has 
received. 

It has been observed that keeping the deformation temperature and 
annealing procedure constant, the percentage of equiaxed morphology in 
resulting microstructure depends on the degree of -deformation, i.e, with 
increasing degree of deformation, percentage of equiaxed morphology 
increases in the microstructure. 

Degree of hot deformation, if exceeds a critical value, may also lead to 
fracturing of deforming a-lamella and may give rise to primary a-lamella of 
smaller aspect ratio. Subsequent break-up of a-lamella to equiaxed 
morphology occurs during subsequent recrystallization annealing when 
P-phase penetrates across the lamellar widths along the sub-boundaries 
[ 100 ]. 

In alloys which are (a+P) finish worked, air cooled and then solution treated 
at a temperature lower than the finishing temperature, a low density of smaller 
elongated a-phase particles develop In addition to primary a. This phase 
often occurs at p-phase grain boundaries. This a-phase develops as a result 
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of coarsening unsolutionized Widmanstatten a during the solution treatment. 
The resulting microstructure is actually triplex, since it consists of tempered a', 
small elongated a and much coarser equiaxed or elongated primary a. 

The increasing fineness of equiaxed microstructure with the aging effect 
resulting from the thermo-mechanical treatment yields an improvement in 
tensile properties also. This helps in improvement in superplastic behaviour of 
the material. 

In order to combine good creep rupture behaviour with high tensile ductility 
at room temperature, it is favourable to produce the quasilamellar 
microstructure by thermo-mechanical treatment. Because it exhibits the same 
creep rupture strength as the lamellar one wthout suffering from extreme drop 
in tensile ductility related to the complete transformation into the )3-phase 
when exceeding the transus during solution treatment. Also the quasi- 
lammellar structure possesses good fatigue strength at room temperature 
which is significantly superior to that of the as-received condition. Even its 
drop at very high number of cycles is smaller than that of the lamellar or 
bimodal structure. Anyway the thermo-mechanical treatment has a strong 
potential to achieve a significant improvement in static and dynamic 
mechanical properties at room temperature combined with good elevated 
temperature strength[96, 1 00. 1 01 , 1 02]. 


2- 1 -7 IMPORTANCE OF B-PROCESSING . 

Very fine equiaxed structure for Ti-6AI-4V alloys are required 
to have good superplastic properties. Now, it has been observed that for a 
given amount of deformation, thin a-lamelfa material is more easily converted 
into fine equiaxed morphology than thick lamella material. The morphology 
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changes from a-iamella to lower aspect ratio grains was identified to be a 
breaking of the a-lamella essentially by two step process: fraction of low and 
high angle a-a boundaries or shear bands across the a-plates followed by 
penetration of |3-phase to complete the separation. This break-up takes place 
during hot deformation and subsequent annealing. The separation by 
P-phase penetration is easier in thin a-lamella. In thick lamella structure 
p-phase penetration is incomplete leading to aggregates of needle-like 
structure. When the plates are thinner and finer they break-up to form fine 
grains of equiaxed a-phase. Now, these plates are formed from martensitic 
needles, when they are heated in the two phase a-p region. So, to get finer 
equiaxed grains, the needles also are required to be finer. When the material 
is solutionized above p-transus and water quenched, the martensitic needles 
are obtained in the quenched microstructure. So, if some deformation is given 
in the p-phase field before quenching, the fineness of the martensitic needles 
in the quenched structure increases. Thus, p-processing helps in getting the 
finer equiaxed structure with very good superplastic behaviour. There is 
another advantage of p-processing also. When the material is only 
solutionized above p-trasus and water quenched from there, coarser 
martensitic needles are obtained. When these are taken in a-p phase field for 
giving thermo-mechanical treatment, those martensitic needles transform into 
a-plates and with increase in temperature the a-plates become coarser. So, 
to get fine structure the hot deformation is required to be given in the lower 
temperature range in the a-p phase field. But in this lower temperature range 
it is difficult to give heavy deformation as the resistance to plastic flow is 
higher. And so It is difficult to get fine equiaxed microstructure. But, when the 
material is p-worked, finer matensitic needles are obtained through water- 
quenching, which, on heating In the a-P phase field yields finer a-plates. So, 
this structure can be given thermo-mechanical treatment at the higher range 
of temperature in the a-p phase field vwthout hampering the fineness of the 
equiaxed structure. And also heavy amount of deformation can be given as 
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resistance to plastic-flow is less at higher range of temperature. So, to 
establish a fine equiaxed microstructure, working in 3-phase field is quite 
useful[96,102]. 


2.2 Texture in fa+B) Ti-Ailovs 

Ti and its alloys show texture which produce pronounced 
anisotropy in mechanical properties due to lower crystallographic symmetry of 
hep a Ti. By proper control of the Variables, texture, as a measure of 
strengthening can be utilized to fabricate components having higher strength 
along a particular direction. 

The main feature of cold-rolled texture of pure Ti is that the 
[10T0] direction is parallel to the rolling direction and (0002) or basal poles are 
concentrated in regions ±30° to ±40° in the transverse direction avy^y from the 
sheet normal[3,45]. Such a texture is supposed to be produced from a 
competition between {0001}<1120> slip and {1122} twinning[4]. Inagaki[46] 
proposed a three dimensional mechanism of development of cold rolling 
texture. Below 30 % reduction, initial textures are weakened by twinning and 
slip rotations, between 30 and 50 % reductions{0001}<0110> texture is 
developed mainly through slip rotations and above 50 % reductions 
{21 15}<01 10> orientation is developed which is stable end orientation of cold- 
rolling texture of Ti. It is observed that annealing at low temperatures(~540°C) 
results in the sharpening of the cold-rolled texture, though true 
recrystallization does not take place at that temperature[3]. 

Textures observed in titanium, hot rolled at temperatures below 
800°C are essentially same as the cold rolling texture, {2115}<010>. Hot 
rolling between 800 and 850°C enhances the development of {2110}<0110> 
and {2118}<8443>, formed by the recrystallization which occurs during and 
after hot rolling. Hot rolling, above 880°C results in the formation of a strong 
transformation texture {2110}<0110>, derived from the {100}<011> of the bcc 
3 phase rolling texture via Burgers’ orientation relationship[47]. 
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In the Ti-alloy specimens, hot rolled at temperature above the j3 
transus, tranformation textures inherited from the rolling textures of p phase 
are observed, main orientations being (T010)[0001] and (2110)[0T10]. These 
are much stronger in (a+P) alloys. On hot rolling, at temperatures below the p 
transus, but above the recrystallization temperature of the a phase, weak 
recrystallization textures alongwith transformation textures inherited from 
rolling textures of p are observed, main orientation, being (2110)[0T10]. If 
rolling is done below the recrystallization temperature of a phase, rolling 
textures of a phase, (2l11)[0tl0] as a main component, are observed, which 
are much stronger in (a+P) alloys[48,49]. 

The strong prismatic texture,{1120}<lTbO>, present in hot rolled 
Ti-6AI-4V systems, is associated with high anisotropy of the strength of the 
sheets. To obtain isotropic properties, a deformation texture of basal or near 
basal type must be created. Such a basal plane texture would show texture 
strengthening and very high bi-axial strengths. One way of achieving this is 
round rolling(with 45° rotation after every pass) and cross rolling(with 90° 
rotation after every pass). Temperature range of such rollings is 811 to 1089 
K for Ti-6A1-4V[50,51 ,52]. For a prismatic texture to be preserved in the 
metals, recrystallization annealing should be done at temperatures below the 
polymorphic transformation point[52]. Figure 2.8 shows the mam textural 
components observed in Ti and its alloys. 

There has been considerable interest recently in the use of 
textured titanium alloy sheet for pressure vessel applications due to the large 
amount of bi-axial strengthening achieved when the through-thickness strain 
is minimized by the sheet texture. Ideal texture of this application is found to 
be (0002) parallel to sheet normat[53]. Different factors that affect texture 
development are : 

1 ) starting microstructure[49], 

2) temperature of deforma\ion[48], 

3) heat treament[48], 
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Figure 2.8 Jextures in (a+B) Titanium Allo'^ 

(a) Basal Texture 

(b) Transverse Texture 

(c) Mixed (Basal+Transverse) Texture 
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4) cooling rate[48], 

5) initial texture[46], 

6) rolling direction[501, 

7) degree of deformation[54], 

8) thickness of the specimen[51 ], 

9) annealing texture[52], 

10) alloy composition[48]. 

2.3 Deformation Characteristics of Ti and Its Ailovs 

Pure titanium deforms at room temperature both by slip and by 
twinning. The greater part of the slip observed occurs on the system 
{10T0}[1120]. Slip in the {10Tl}[1120] system also occurs, but it is less 
important and occurred in coarse grained specimens of commercial titanium, 
only when all three {lOTO} systems are operative[35]. Slip on the basal plane 
in the [1 120]direction has been reported for the single crystals of commercially 
pure titanium by Churchman[36], but most of the workers failed to find basal 
plane slip. Churchman[36] found the CRSS for slip on the basal plane to be 
greater than that for {10Tl} slip which, in turn, is greater than that for {lOTO} 
slip. The critical shear stresses for slipping and twinning processes occurring 
in titanium (Cs and Ct, respectively) are related by the equation[3] : 


Cs(oooi)- 1.1 Cs{ioii}- 1.02 Cs{ioiq- Ct{ioi 2 }- Ct{ii22} 


Twinning occurring in titanium as a result of room temperature 
deformation takes place on the {10T2}, {1121}, {1122}, {1153} and {1154} 
planes, last two being observed only in single crystal titanium flakes. At liquid 
nitrogen temperature (-196°C), slip is confined to {10f0}[1120] system and 
greater part of deformation is due to tvwnning in the same plane as in room 
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temperature. At higher temperature, eg., at 500°C and 815°C. slip in {1010} 
planes is the predominant mechanism of slip, though secondary slip of the 
{1 oTi } type is also present[37,38]. 

Titanium is reported to have a SFE value of 300 MJm'^ in the 
basal planes of the hep phase, suggesting that it should be characterized as a 
high SFE metal and hence, dynamic recovery should occur in the a phase. 

SFE values of the bcc |3 phase has not been established. In the alloy Ti-6A1- 
4V, the influence of A1 and V on the SFE values has not been investigated, 
but the two phase structure, below the transus, appears to modify the hot 
deformation behaviour, suggesting that differing dynamic restoration 
mechanisms may be operative. It was observed that the slip in the near-a Ti 
alloy having a fully martensitic structure is homogeneous in nature. The 
Widmanstatten a-p structure deforms by planar slip. Slip bands in 
Widmanstatten a are not impeded by p films, but the p layers are severely 
distorted due to deformation[58].At a glance, the deformation characteristics 
can be summerized as follows[34] ; 

♦ the hot ductility of the (a+P) alloys is much greater in the p region and 
decreases fairly rapidly with temperature. 

♦ the flow stress in the (a+p) regime is very sensitive to strain rate and 
temperature, 

♦ in the p region, the activation energy of 169.962 kJmol'^ is similar to that 
for self diffusion: in the (a+P) region the activation energy is almost three 
times that in the p region at 521.697 kJm0r\ indicating that deformation is 
more difficult below the transus, 

♦ 

♦ the mode of deformation is dynamic recovery in the p region and dynamic 

recrystallization in the (a+P) region. , 
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2.4 Forming Characteristics of Ti-Ailovs 

Titanium and its alloys can be formed In standard machines to 
tolerances similar to those obtained in the forming of stainless steel. 

Commercially pure titanium and the most ductile titanium alloys 
(like Ti-8Ai-1Mo-1V) can be formed cold to a limited extent, but it generally 
strain hardens the materials resulting into increase in yield and tensile 
strengths and a straight drop in ductility. Cold forming of other alloys generally 
results in excessive springback, requires stress relieving between operations 
and requires more power. In general, springback in forming Ti and its alloys 
varies directly with the ratio of bend radius to work-metal thickness and 
inversely with forming temperature. .Springback is generally reduced by 
increasing the forming pressure. Higher ratios of yield strength to tensile 
strength generally result in greater springback. However, in order to lessen 
the effect of springback variation on accuracy and to gain the advantages of 
increased ductility the great majority of formed titanium parts are made by hot 
forming or by cold preforming followed by hot si2ing[39]. 

Hot forming does not greatly affect the final properties. Forming 
at temperatures from 595 to 815°C allows the material to slip more readily and 
simultaneously stress relieves the deformed material. The commercial 
conventional hot forging operations should be done at rapid deformation rates 
(using mechanical press) in order to avoid shear bands and cracks in 
temperature sensitive alloys, like titanium[40]. Titanium metals also tend to 
creep at elevated temperature and holding under load at high temperature 
(creep forming) is another alternative to achieve the desired shape without 
extensive springback. 

In all forming operations, titanium and its alloys are susceptible 
to the Bauschinger Effect, which is most pronounced at room temperature. 
Increase in the temperature reduces the Bauschinger Effect, subsequent full 
thermal stress relieving completely removes lt[41]. 
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Various methods of forming of (a+p) titanium alloys 
include[4,39,41] ; 

1. Isothermal forging. 

2. Hot sizing, 

3. Press-brake forming, 

4. Deep drawing, 

5. Power spinning, 

6. Rubber-pad forming, 

7. Stretch forming, 

8. Roll forming, 

9. Creep forming, 

10. Vacuum forming, 

1 1 . Drop hammer forming, 

12. Explosive forming, 

13. Superplastic forming. 

However, of the above mentioned methods, superplastic forming 
is replacing all other conventional methods, for it offers some unique 
advantages over other processes, which are discussed in the next section. 


2.4 Superplasticitv 

Prior to 1945 the deformation behaviour of the class of alloys 
that possessed "viscous properties between those of glass and pitch” was 
known under different names. The term ‘superplasticity’ became common 
after 1945 when a Russian word (pronounced as sverkhplastichnost), 
introduced by Bochvar and Sviderskya, got so translated. 
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Superplastic forming has now emerged as a viable 
manufacturing process over the past decade or so, and is now used to 
fabricate number of sheet metal components for a range of aerospace 
systems. More than 200 parts are in production for a number of aircraft and 
spacecraft vehicles. This process offers unique advantages over the 
conventional forming operations ; 

1. Reduced machining, 

2. No springback, 

3. Uniform metal flow, 

4. No resultant residual stresses, 

5. No cavitation, in general, 

6. Formability of shapes, not possible by any other method. 

While the alloy Ti-6AI-4V is quite superplastic as conventionally 
produced, there are desirable properties of other alloys which form a basis for 
interest In the superplasticity of those materials as well. A number of titanium 
alloys have been evaluated for superplastic behaviour and a summary of 
some of those alloys and their superplastic properties are shown in Table 
2.7[62]. 

2.4.1 What is Superpfasticitv 

Superplasticity is the deformation process that produces 
essentially large neck-free elongation (of many hundreds of percent) in 
metallic materials deformed in tension[59]. Superplastic materials also show 
high ductility during torsion, compression and indentation hardness tasting. 
The highest elongation, on uniaxial tension, reported, are 4850 % in a Pb-Sn 
eutectic alloy[60] and greater than 5500 % for an aluminium bron 2 e[ 61 ]. 

Superplasticity can be induced both in materials possessing a 
stable, ultra-fine grain size (< lOpm, generally) at the narrow temperature 
range of deformation (> 0.5 Tm. v\/tiere Tm is the absolute melting point) and in 
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Table2.7 : Superplastic Characteristics of Titanium Alloys 



Alloy 


TI-6AI-4V 



840-870 



Ti-13Cr-11V-3AI 


Ti-8IVln 


Ti-15Mo 


C.P. Ti 



Elongation 

% 


750-1170 


Ti-6AI-5V 

850 

00 

X 

o 

k 

0.70 

700-1100 

Ti-6AI-2Sn-4Zr-2Mo 

900 

2x10-^ 

0.67 

538 

Ti^.5AI-5Mo-1.5Cr 

.. 

871 

t 

o 

X 

CM 

0.63-0.81 

>510 

TI-6AI-4V-2Ni 

815 

2x10-^ 

0.85 

720 

Ti-6AI-4V-2Co 

815 

2x1 0"* 

0.53 

670 

Ti-6AI-4V-2Fe 

’ 815 

2x10-^ 

0.54 

650 

Ti-5AI-2.5Sn 

1000 

2x10-^ 

0.49 

420 

Ti-15V-3Cr-3Sn-3AI 

815 

2x10^ 

0.5 

229 


<150 


150 


100 


115 
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those, subjected to special environmental conditions, eg., thermal cycling 
through a phase change. These two, categories are best described as 
“structural” and “environmental” superplasticity, respectively. There are two 
main types of structurally superplastic alloys ; pseudo single phase and 
microduplex. In the former class of materials fine scale distribution of 
dispersoids are developed to have a small grain size upon recrystallization 
and to prevent grain growth during superplastic deformation, eg., precipitation 
strengthened Al alloys, dispersion strengthened Cu alloys etc. The 
microduplex materials have a fine grain microstructure consisting roughly 
equal proportions of two or more chemically and structurally different phases 
to prevent grain growth, eg., a-p titanium alloys, aJx stainless steels, a-p Cu 
alloys etc. [63,64], 

2.4.2 Mechanical E quations of Supen lasticii [ 

In the original form of the mechanical equation of state the 
plastic flow stress was considered an instantaneous function of strain, strain 
rate and temperature, though later it was proved to be non-existing. Rather, 
for isothermal straining a relation of the form 

at = f( 8t , St) 

is feasible. The two general explicit forms of this equation are 

^ —I/"* ^ N 
Gt St £t 

where K’ and N, the strain hardening exponents are constants and 
at -ay - tvi St St 

where ay is a yield stress and Ki is another constant. 

For superplastic deformation N is very small or zero, frequently 
ay can be neglected and m is non-integral and lies in the range 0.3 to 0.9. 
then the empirical equation[65] 

at = K 

describes the nature of the stress-strain rate relation adequately. 
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Frequently terms are included which account the temperature 
and the grain size dependence. A commonly used general form[63] is 

^t= constant gx'^IL^ exp (-Q/kT) 

where L is the average grain size, a is a constant usually in the range 2 to 3, 
Q is an activation energy, k is Boltzmann’s constant and T is absolute 
temperature of deformation. 

In a constant velocity (V) tensile test, the true strain rate at any 
time t is given by 

et=d8/dt=d[ln(L/Lo)]/dt= (dl/dt) /L= V/l 

Therefore, there is a gradual fall in strain rate with deformation. 
This may lead to a measurable decrease in stress in superplastic materials, 
which are significantly strain rate sensitive material. So, this leads to carry out 
constant true strain rate tests. A typical true stress-true strain behaviour of a 
superlastic material tested in tension at constant true strain rate is shown in 
Figure 2.9. It is suggested that strain hardening, wherever observed is due to 
grain growth or phase coarsening and strain softening is due to grain 
refinement and/or morphological changes. Strain independent behaviour is 
seen when the structure is fully stable. 

The variation of In at with In et is sigmoidal and for convenience, 
the curve is divided into three regions ( Figure 2.10) . The region of maximum 
strain-rate-sensitivity (region II) delineates the strain rate range over which 
superplasticity occurs. At both low and high strain rates(regions I & 111) the 
strain rate sensitivity is small and this corresponds to more conventional form 
of plastic deformation . 


2-4.3 MEASUREMENT OF SUPERPLASTICITY 

The total elongation to failure will contain contribution from 
uniform deformation and strain in necked region. For superplastic materials 
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Figure 2.9 Typical True Stress - True Strain Curve at Constant True 
Strain Rate (Tested in Tension) 



Figure 2.10 Typical True Stress — True Strain Rate Behaviour for 
Structurally Superplastic Materials (Schematic) 
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vstiere multiple, diffused necks form, the latter contribution could be ubstantial. 

Total elongations of superplastic materials can not be 
considered as a dependent variable of the deformation process because of its 
poor reproducibility even in standard specimens, of its dependence on 
specimen geometry, composition, initial grain size, strain rate, temperature, 
grain growth etc. Hence it will only be of limited use in understanding 
superplastic deformation. Rather, strain rate sensitivity index, m, is a very 
important parameter in characterizing superplastic deformation. The value of 
m also varies with temperature and structure (grain’ size). It can be 
determined from the slope of experimental In at -In st plots or by stress 
relaxation tests or step strain rate test. The latter is favoured most due to its 
simple test procedure and consistency in obtaining values for m. As shown in 
Figure 2.11 if the crosshead velocity suddenly increased from Vi to V 2 , there 
is a corresponding increase in load. If straining is continued for a few percent 
to eliminate transient effects, a load comparison can be made. The lower 
velocity curve extrapolated to establish a common strain for measurement. If 
m is assumed to be nearly independent of strain rate in the range covered by 
the velocity increase, then , according to the Figure , 

m = ln(pA/PB)/ln(V 2 A/i) 

In general , a direct relation between the value of m and 
elogation exists [59], but there is considerable scatter. For the mutual 
comparisons of relative superplasticity of different materials, the m value 
alone can not do so as different materials of the same m value may have 
entirely different strain or total elongation. It is proposed [66] that the best way 
is to use 5/m ratio, which is either the strain or total elongation caused by unit 
value of m at any instance and can be called the “strength of superplasticity” 
of the m value of the material. In the fundamental equation of superplastidty, 
a = ks"’ , both m and k vary with increase in strain (5). The interdependence of 
them is expressed by the C.L.m-6 equation [67]; 
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Figure 2.1 1 Schematic Diagram for Step Strain Rate Test 

Vi and V2 are cross head velocities before and after change. 
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6(%) = [Ce<'^-V-1]X100 

where mo (^0) is value of m corresponding to 6o (=0.00%), 

Co = ko + dko/ko 

Where ko (;<i0) is value of k corresponding to 5o (=0.00%), 

By this equation, not only the total elongation at fracture, but 
also the strains at any instant during stretching can be predicted, if the 
corresponding m values are known. 


2.4.4 Metallurgical Variables Affecting Superplasticitv 

Several metallurgical variables, which have been found to affect 
the superplasticity in titanium, are as follows. ^ 


(1) Grain size : Grain size is known to strongly influence the superplasticity of 
titanium alloys(Figure 2.12). As is typically found for most superplastic 
materials , increasing grain size increases the flow stress and reduces the 
maximum m value as well as the strain rate at which the maximum m is 
observed. It is reported [68] that for Ti-6AI-4V alloy average a grain 
diameter of 3.3 pm gives large elongation over 800% at 850-900°C and 
lower flow stress. This behaviour is attributed to the limitation of void 
formation and resistance against localized necking. It is also observed 
that grain size has a strong influence on region transition in the Ino -Ins 
curves. With a decrease in grain size the transition between regions II & III 
is displaced to higher strain rates [69-70]. 

(2) Grain Size Distribution; Grain size has the strongest influence on 
superplasticity of metals. But as polycrystalline materials generally 
possess a distribution of grain size, it is expected that grain size 
distribution will also affect the superplastic behaviour (Figure 2.13). The 
flow stresses for the material having the smallest distribution of grain sizes 
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exhibits significantly lower stresses than the material with larger size 
distribution. Also the maximum value of m is much larger for the materials with 
the smallest size distribution. Even a relatively small number of large grains 
can have a major effect on the flow stresses and the slope (m) of the curve 
(Figure 2.14) [71]. 

(3) Grain Shape : One of the prerequisites for superplasticity is equiaxed 
grain structure. Often thermo-mechanacaliy treated materials do not have an 
equiaxed microstructure initially, the grain aspect ratio decreases during 
superplastic deformation as the elongated structure evolves towards a near- 
equiaxed one, eventually stabilizing at the aspect ratio of around 1.2, after 
about 30 % strain. Hence, mechanical data collected below that strain level 
does not represent true steady state condition. Usually after achieving an 
equiaxed condition, the structure remains equiaxed even after ' several 
hundred percent elongation, when deformed in superplastic regime[72,73]. 

(4) Grain Growth Kinetics : As flow stress of superplasticity is sensitive 
to grain size, it is pointed out[74] that grain growth influences and stabilizes 
the deformation itself. The flow stress increase due to the deformation 
induced grain growth is distinguished as ‘flow hardening’ from the usual work 
hardening. Grain growth not only increases flow stress, but also decreases 
the m value. Rate of grain growth is reported to increase with increasing strain 
rate in Ti-6AI-4V[75]. But occurance of grain growth at lower strain rate is also 
reported for this alloy attributing that behaviour to the long holding time, due to 
low strain rate, at high temperature[76]. Grain growth kinetics is also 
accelerated by superplastic deformation The deformation induced grain 
growth can be estimated approximately by (D/Ds) where D and Ds are 
average grain sizes after deformation and after static annealing without 
deformation, respectively[77,78]. 

(5) Texture ; Appreciable amount of grain rotations have been observed 

during superplastic flow. Studies revealed that grains never rotate more than 
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Figure 2.15 Effect of Texture on Total Elong ation for Ti-6AI-5V 




45° and that they often change their sense of rotation during the deformation. 
During deformation, grain rotation alongwith grain boundary sliding will lead to 
an overall reduction in texture. A systematic study on T1-6AI-5V alloy shows 
that significantly higher total elongation can be obtained from a strongly 
textured alloy than a weakly textured one(Figure 2.15)[79], at intermediate 
temperatures. This is attributed to the ease of grain boundary sliding in a 
textured material. For this material, difference in superplastic behaviour is 
pronounced at tensile test directions along RD and at 45° to RD, but not along 
ND. 

(6) Phase Ratio : That the o/p phase ratio strongly influences the 
superplastic behaviour of titanium alloys, is well established and 
experimentally verified[80-82, 62,71]. The researches in this field have proved 
that the minima in flow stress and maxima in m value lies in a phase ratio 
range of 40 to 60 % p. This phase ratio can be changed either by changing 
temperature or by changing the alloy composition. The effect of phase ratio is 
shown in Figure 2.16, which shows maxima and minima In m and flow stress 
value respectively, at around 65 % a. This behaviour is attributed to a balance 
between moderated grain growth ( due to the presence of a) and enhanced 
diffusivity (due to the presence of P). Not only the phase ratio of a and p, but 
also relative content and distribution of the orthorhombic martensite (a”) 
phase, produced by proper heat treatments, also affect superplasticity, 
lowering the superplastic temperature[83]. 

(7) Diffusivity : It is widely accepted that diffusion is an important process 
in the superplastic flow of fine-grained alloys including Ti alloys. This is well 
explained by the activation energy, which is determined from the change in 
strain rate with changes in temperature as expressed by the equation 

Q = 5 In g/5(-1/RT) 

Where Q is the activation energy, R Is the gas constant. 

Activation energy data for some common Ti alloys are given in Table 
2.8[62]. 
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Equilibrium alpha phase (%) 


82 76 70 65 60 45 



Figure 2.16 Flow Stress and m as Functions of Tern « erature and a 

Phase Content for Ti-6AI-4V 
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Table 2.8 : Activation Energies for Superplastic Deforrnation and Self- 
Diffusion in Titanium alloys 


Alloy 

Temp. Range 

rc) 

Q 

(kCal/mole) 

Ti-5AI-2.5Sn 

800-950 

50-65 

Ti-6AI-4V 

800-950 

45 

Ti-6AI-4V 

850-910 

45-99 

Ti-6AI-4V 

815-927 

45-52 

Ti-6AI-2Sn^2r-2Mo 

843-900 

38-58 

Self Diffusion, alpha phase 

40.4 

Self Diffusion, beta phase 

36.5 

Self Diffusion, beta phase 

31.3 
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(8) Specimen Geometry : The importance of specimen geometry on strain to 
failure is first recognized by Morrison[84] who formulated a relation between 
elongation to failure and initial diameter and gauge length of a rounded 
specimen. An empirical relation for failure strain in sheet specimens has been 
proposed for Ti-6AI-4V[85] ; 

Ef = B m(Ef)/(w/t)where w and t are the width and thickness of the specimen, 
respectively, m(sf) is the strain rate sensitivity measured just before the failure 
and the constant B = 32 for this alloy. 

(9) Initial Microstructure ; Very little attention has been paid to the effect of the 
initial microstructure in the studies of superplasticity. Materials having the 
same nominal chemical composition and initial grain size, but undergoing 
different thermo-mechanical treatments prior to superplastic deformation, 
show striking variations in flow stress and ductility[70]. When the starting 
microstructure is slightly elongated, a decrease in flow stress occurs in the 
early stages of deformation due to the evolution of the grain structure tov\/ard 
an equiaxed condition. 

(10) Internal Stress : The elevated temperature deformation of crystalline 
materials is often discussed in terms of initial and effective stresses. The 
dislocation is driven by the effective stress, which is the difference between 
the externally applied stress and the internal or back stress. Experiments 
showed that the high strain rate sensitivity associated with superplasticity is 
largely caused by the effective stress, which was thought to be responsible for 
grain boundary sliding, rather than the internal stress, which was associated 
with a value of m closer to 0.2[70]. 

2.4.5 Su « erplasticitv and Ti-Allovs 

As already stated in this chapter, many titanium alloys have 
been investigated successfully for their superplastic behaviour. Maximum of 
these works were on Ti-64 alloy, while some works on alloys like Ti-6242[86- 
92]. For the alloy Ti-64, It was found that maximum elongation is obtained in 
the temperature range 880-920°C at a strain rate near about 10"^ sec'^ It was 
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also observed that the cold formable titanium alloys are not superplastically 
formable. Many attempts have been made to reduce the superplastic forming 
temperature by addition of elements like Fe.Co.Ni to the (a+p) alloys or to the 
cold formable alloys. These researches have led to the development of new 
alloys, like p-CEZ[93], which shows superplastic properties at a temperature 
as low as 725°C and SP-35[94], which shows good cold workability as well 
as good superplasticity at 700-750°C. 

Researches to enhance the superplasticity of the titanium alloys 
have led to development of new processing routes to obtain an ultra fine (a+P) 
structure. Such an attempt has produced a total elongation of 2100% at 
850°C even at a high strain rate of 10'^ sec ^[86] in Ti-64 alloy. In a previous 
work carried out in this laboratory[5], elongation as large as 900% was found 
in Ti-6.8AI-3.2M0-1.8Zr-0.3Si alloy, which is also quite good for this alloy. 
From the study of mechanism of enhanced superplasticity in (a+p) titanium 
alloys, it was concluded that deformation within thin p phase films is the origin 
of the large superplasticity. 
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EXPERIMENTAL PROCEDURE 


3.1 Starting Material 

Ti-6AI-4V alloy (hence after referred to as Ti-64 alloy) used in 
this study was supplied by DMSRDE . The supplied material was in the form 
of a rolled plate of 15 mm. thickness. It was a (170x170) mm^ plate. Chemical 
composition of the supplied material has been shown in Table 3.1. 


Table 3.1 Chemical composition of the material 


Alloying Elements 

Al 

V 

0 

H 

C 

■■ 

Composition (Wt%) 

5.94 

4.07 

0.05 

0.021 

0.014 

0.012 


3.2 B-Transus Determination 

As we were interested in p-processing of the material, it was 
very important to know the exact p-transus temperature of the supplied 
material. Theoretically the p-transus temperature of Ti-64 alloy is 980°C[55]. 
Keeping this in mind, six small samples of dimension (4x4x5) mm^ were 
taken, which were then heated at different temperatures for 15 minutes for 
temperature homogenization and directly quenched in water to arrest the 
phases present at respective temperatures. The six temperatures were 920, 
940, 960, 980, 1 000 and 1 020“C respectively. Optical microscopy was done, 
later, on these samples to identify the phases present in them and hence, to 
determine the exact p-transus temperature. 

3.3 Thermo-Mechanical Treatment 

Thermo-mechanical processing done in the present 
investigation involved homogenizing, followed by wdth or without hot rolling at 
different temperatures. 
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3.3.1 Fauipments for Thermo-Mechanical Processing 

Heating and soaking of the samples was done in a specially 
designed high temperature furnace, kept very close to the rolling mill. The 
design o the furnace v\^s done in such a manner that it vms capable of 
maintaining protective atmosphere. During heating and soaking, grade I pure 
Ar gas was continuously passed through the furnace to protect the material 
from oxygen absorption. The furnace was having a constant temperature 
zone of 7 inch in length and was heated by silicon carbide rods. Muffle of the 
furnace consisted of an inconel tube and was closed from one end. Gas was 
introduced into the furnace through a 4 mm. Internal diameter stainless steel 
tube passing through the closed end of the chamber. The furnace was 
mounted on wheels so as to bring it very close to the rolling mill. . 

Hot rolling was done in a 2 high rolling mill which had 135 mm. 
diameter of the rolls. Sped of rotation for the rolling mill was kept at 55 rpm in 
ail the experiments. No prior heating of the rolls was done before hot rolling of 
the specimens and they were maintained at room temperature. 

Prior to the thermal treatment, the samples were placed on a 
small perforated inconel tray fitted with a long handle and then pushed 
carefully into the hot zone of the furnace. 

Hot rolling was multipass in nature. In between every pass, 2 
minutes soaking time was given to nullify the temperature drop effect. For hot 
rolling, the samples were taken out and quickly fed to the feeding en of the 
rolling mill. There was a very little temperature drop till the time the samples 
could get rolled, due to quickness of feeding and taking out of the samples 
from rolls (within 4-5 seconds). After rolling, the samples were quickly 
quenched into water. 

The surface of the rolled samples were ground and subjected to 
pickling in 10 % HNO3 + 5 % HF solution for nearly 3 hours at room 
temperature to remove the a-casing layer formed due to oxygen diffusion. 
These samples were further subjected to belt grinding and emery paper 
polishing before being investigated further. 
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3.3,2 Working Schedule 

The thermo-mechanical processing schedule followed in this 
work were divided into two stages - stage I, consisting of the thermo- 
mechanical treatment in the p-phase region and stage II consisting of the 
thermo-mechanical treatment in the (a+P) region. In the stage I, 5 different 
routes were followed. Schematic representation of the schedules are shown in 
Figure 3.2, whereas the flow charts are given in Figure 3.1, samples were 
ground to different initial thickness values so that after stage I the thickness 
becomes 6 mm. 

Stage I 

Route I 

The specimen was to be heated in the p-phase field. To take 
care of the grain growth at higher temperature in the p-phase field, a 
temperature 30°C above the p-transus was selected. The sample was soaked 
at that temperature for 20 minutes for homogenization of temperature and 
then furnace cooled to room temperature. 

Route n 

The specimen was heated at the same temperature for route 1. 
soaked there for 20 minutes followed by direct water quenching. 

Route in 

The specimen was heated at the same temperature for route 1 , 
soaked there for 20 minutes, rolled at that temperature in 2 passes giving 
30% deformation followed by water quenching. 

Route IV 

The specimen was heated at the same temperature for route 1 , 
soaked there for 20 minutes, rolled at that temperature in 4 passes giving 
60% deformation followed by water quenching. 
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Stage I Stage n 



Figure 3.1 Flowsheet of the Thermo-mechanical Process . 
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Route - I 


Route - n 


Route - ni l 


Route -IV 


Route - V 




t 

C- 

m 

H 


t 




Fig^.2 : Schematic Representation of Thennomechanical Processes Studies 
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Route V 

The specimen was heated at the same temperature for Route I, 
soaked there for 20 minutes, rolled at that temperature in 4 passes to give 
60% deformation, followed by water quenching. The sample was then further 
recrystallized in the p-phase field, just 1 0°C above the p-transus, soaked there 
for 30 seconds followed by water quenching. 

Small samples for microstrutural studies were cut out from each 
of the specimens. 

Stage ii 

All the specimens produced through Route I to route V were 
given same treatment in the stage II. All of them were soaked at 860oC for 20 
minutes, rolled unidirectionally at that temperature in 5 passes giving 70 % 
deformation followed by water quenching. Care had been taken during the 
rolling about the previous rolling direction. Small samples for microstructural 
studies were cut out from each of the specimens. Samples for superplasticity 
testing were made from each of the specimens. 

3.4 Characterization 

The characterization techniques used in the present 
investigation can be classified under three heads ; microstructural 
characterization, phase characterization and mechanical property 
characterization. 

3.4.1 Microstructural Characterization 

Microstrctures taken from all the specimens were examined by 
optical and scanning electron microscopes. Prior to the observations, ail the 
samples were mechanically polished on emery papers ( 0 to 4 grades) 
followed by wheel polishing with alumina powders of sizes 1 mm., 0.3 mm. 
and 0.05 mm., respectively. The samples were then etched with Kroll’s 
reagent (4%HF+2%HN03). Microstructural observations were, generally, 



Chapter 3: Experimental Procedure 


done on transverse cross sections of the specimens, unless otherwise 
mentioned. 

Optical microscopy was done under a Leitz Wetzlar optical 

microscope. 

Scanning electron microscopy was done under a JEOL-JSM 
840A Scanning electron microscope. The samples were observed under the 
scanning electron microscope, operated at 10 kV using secondary electron 
radiation (SE mode). 

Quantitative analysis on the microstructures was done to 
measure length, thickness of different structural features. From these 
measurements, aspect ratio was calculated. Grain size, wherever mentioned, 
was given as the diameter of the circle having same area with the measured 
structural feature i.e. if the length and thickness of the grain were T and ‘t’ 
respectively, then grain size{d) was calculated as 

d = 2xV(l.t/7t) 

3.4.2 Phase Characterization 

Phase characterization was done by X-ray to detect the phases 
formed in the samples after the stage li operation. The processed samples 
were subjected to X-ray examination using normal Bragg scan. Normal Bragg 
scan was recorded from polished surface of the sheet plane of the specimens 
on a Seifert Deby X-ray Diffractometer operated at 30 kV and 20 mA using 
CuKa radiation. Scanning sped was kept at 3°/min. in 20, chart speed was 
kept at 30 mm/min. X-ray diffraction patterns obtained were Indexed and 
identification of the phases was done by matching the ’d’ values 
corresponding to the each peak position of the diffraction pattern with the ‘d’ 
values of all possible phases obtained from standard sources and 
literature[56,57]. In order to have a consistency, all the measurements were 
done using a fixed beam dimension. 

For some samples, quantitative analysis was done from the 
XRD patterns to get an idea about the percentage volume fraction of different 
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phases present in the material. The procedure for the volume fraction 
calculation was based on the following theory. 

If the ‘x’ and y be the two phases present in a material, then 
from the basic formula for the calculation of the integrated intensity it can be 
written that[1 06] 

Ix/ly ={Rx.Cx)/(RyCy) 

Cx + Cy =1 

Where I = integrated intensity calculated as area under the 
curve 

C = content of a phase in volume fraction 
R = 1/v^.[ IFP.p.{1+cos^26)/sin^6.cos0](e‘^''^) 

Where v = unit cell volume and the others have their 
usual meanings. 

Intensity measurements were done for the peaks corresponding 
to only a single phase As for alloy systems it is difficult to get the value of 
temperature factor, it was safely neglected in the calculation of the volume 
fraction[106]. 

3.4.3 Mechanical Property (Superplasticitv) Determination 

Superplastic testing of processed sheets was done on the MTS 
machine model : 810.12. 

The furnace, attached to the machine, had a heating rate of 
200°C/hr. The samples were homogenized for 15 minutes at the desired 
temperatures before start deforming. Due to the absence of any purging 
system in the furnace, the heating and tensile deformation was carried out in 
air. The processed sheets were machined, further ground, pickled and 
polished to remove the a-casing formed due to oxygen diffusion during 
processing. Tests were carried out with samples having no protective coating 
on the surface to prevent oxidation. Two types of tests were carried out on 
these samples at different pre-determined temperatures. 

(a) Strain Rate Jump Test : In this test, the strain rate( actually the cross 
head speed of the machine)was increased in successive steps from 
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8 33x10'®/sec. To 3.33x1 0'^/sec.(9 different strain rates were used) and the 
corresponding flow stress was calculated from the load-elongation plot. This 
test was done at two different temperatures. 800°C, 850°C. Utmost care was 
taken to prevent necking of the samples throughout the testing history. From 
the steps of the in a - In s plots, the value of strain rate sensitivity(m) was 
determined for a range of strain rates and temperatures. 

(b) Elongation to Failure Test : In this test, the samples were 

strained to failure under different constant strain rates for different samples 
at 850°C. After failure, the samples were allowed to cool in furnace and then 
the maximum elongation \a^s measured. The samples, after testing were cut 
into different sections and microscopically observed. 

The samples used in the above mentioned two types of tests had the 


following dimensions : 

Grip length = 19 mm. 

Grip width = 19 mm. 

Hole diameter = 6.35 mm. 

Gauge length = 6 mm 

Gauge width = 5 mm. 

Gauge thickness = 2 mm. 

Radius at comer = 1 mm. 

Total length = 46 mm. 


A schematic diagram of the sample is given in Figure 3.3. 
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Figure 3.3 Sketch of the Tensile Sample Used for Superplastic Testim 


(All Dimensions are in mm.) 
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CHAPTER 4 


RESULTS AND DISCUSSION 


The alloy Ti-6AI-4V is an important member of the family of two 
phase (a+p) titanium alloys with both the bcc (j3) and hep (a) phases being 
stabilized at room temperature. Control of a morphology is essential in this 
alloy as far as superplastic forming is concerned. An equiaxed primary a 
morphology with grain size less than 10p.m is generally necessary for such 
applications. Lamellar or Widmanstatten primary a transforms to equiaxed 
primary a morphology on hot working of the material in (a+p) phase field. 
During hot working the lamellar a breaks down into small parts and finally 
results into near equiaxed or equiaxed a structure either during the hot 
working itself or during post deformation recrystallization annealing. 

While the conventional thermo-mechanical processing of (a+p) 
titanium alloys involves forging/rolling/extrusion through the p-transus of the 
alloy with a minimum specified reduction in the two-phase field, the present 
study involved with unconventional processing routes incorporating 

(1 ) conditioning of prior p grains and 

(2) conditioning of lamellar a prior to working in the (a+P) 
phase field. 

4.1 CHARACTERIZATION OF THE AS-RECEIVED Ti-6AMV ALLOY 

4.1.1 Structu re of the As-Received Allo\ 

Microstructure and X-ray diffraction pattern obtained from the as- 
received material are shown in Figure 4.1 and 4.2 respectively. As shown in 
Figure 4.1, the as-received microstructure consisted of (a) small volume 
fraction of fine elongated a, (b) a relatively larger volume fraction of coarser 
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Figure 4.1 ' Microstructure of The As Received Material 
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Figure 4.2 XRD Pattern of the As Received Material 
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equiaxed a and (c) 3 as matrix. The cx^arse equiaxed a grains were found to 

have the size range between 11.5-31.7 pm. The X-ray diffraction pattern 

taken from the as-received alloy also confirmed the presence of a and 3 

phases only in the microstructure. 


4.1.2 B-Transus of the Alloy 

Sub-transus working of (a+3) titanium alloys plays an important 
role in refining their microstructures. However, the 3-fransus temperature of 
titanium alloys is known to depend on their exact chemistry and must be 
determined for each heat. Therefore, the 3-transus of the as-received alloy 
was determined by the metallographic technique. Microstructures of samples 
quenched from different temperatures ranging between 920°C and 1020°C, 
raised by an increment of 20°C, were observed to identify phases present in 
the alloy. While samples quenched from 960°C and above showed full 3 those 
quenched from 940°C and below showed presence of both a as well as 3 
phased' The sample quenched from 940°C showed grains of the a phase in 
about 6% in volume fraction [Fig 4.3]. So, the 3-transus of the given alloy was 
taken to be 950±5°C. This is somewhat lower than the typical 3-fransus 
temperature of Ti-6AI-4V alloy [55]. However, this lower value of. the 3-transus 
temperature can be explained by the lower oxygen content of the alloy which 
has been shown in Table 3.1. 

4.1.3 Effect of B Annealing Temperature on B Grain Size 

Soaking of Ti-6-4 alloy In the 3 phase field produces 
recrystaliized equiaxed 3 grains which are known to undergo a rapid grain 
growth. Therefore, the soaking temperature above the transus affects the 3 
grain size. Microstructures of the water-quenched alloy soaked for 20 minutes 
at 960°C. 980°C, 1000°C and 1020°C are shown in Figures 4.3 and 4.4. It 
was observed that as the soaking temperature increased from 960°C to 
1020°C the average grain size Increased from about 680 pm to 860 pm. It 
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Figure 4.3 Microstructure of the Sam « le Water Quenched from 

(a) 960® C (consisting of martensite vwth no trace of a) 

(b) 940°C (consisting of small islands of a in martensitic 

structure) 
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figure 4.4 Grain Growth in B Grains as a Function of B Annealin.i 

Temperature fmicrostructures were observed in water quenched 
condition) 

(a) SSO'-C (b) (c) 1020oC 
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was thus seen that p grains in Ti-6-4 alloy undergo a rapid grain growth \Mth 

respect to temperature when heated in the single phase p region. It is to be 

noted that this type of behaviour is generally observed for most (a+P) titanium 

alloys [6]. 


4.1.4 Type of Martensite Formed by Water Quenching 

Hexagonal martensite (a'} as well as orthorhombic martensite 
(a") are known to be forming in titanium alloys due to the rapid cooling of the 
P phase. Since the present study involves unconventional thermo-mechanical 
processing routes incorporating water-quenching as intermediate steps, it is of 
interest to know the type(s) of martensite formed by water quenching from the 
p as well as (a+P) phase field. To verify this fact, two as received samples 
were heated to 980°C and 860°C, i.e. the temperatures of treatment in p and 
(a+P) phase fields respectively, and were subsequently water quenched. 
These samples were subjected to XRD. XRD patterns obtained from these 
samples are shown in Figures 4.5 and 4.6 respectively. It is seen that while 
Figure 4.5 contains clearly discernible peaks corresponding to orthorhombic 
as well as hexagonal martensites, i.e. both a' and a", Figure 4 6 contains 
peaks corresponding to only the hexagonal martensite a'. It is also to be 
noted that weak overlapping peaks corresponding to the p phase are also 
present in both XRD patterns indicating that the martensitic transformation is 
not 100% complete and some amount of p is retained at the room 
temperature. These results show that while a" is formed in the given Ti-6-4 
alloy when quenched from 980°C, i.e. P phase field, but not when the alloy is 
quenched from 860°C, i.e. (a+P) phase field. An elementary analysis of 
volume fractions of a' and a" from these results indicates that the 
orthorhombic phase is the major component in the alloy quenched from the p 
phase field and its % volume fraction is almost about 90%. 

The structure of martensitic needles formed by quenching from 
different temperatures in the p phase field is shown in Figure 4.7(a) to (e). It is 
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clear that the martensitic needles become somewhat thicker as the soaking 
temperature increases from 960°C to 1 020°C. 

4.2 THERMO-MECHANICAL PROCESSING VARIABLES IN THE B 
PHASE FIELD AND THEIR EFFECT ON CONDITIONING OF B 
GRAINS 

Evolution of equiaxed a and its refinement is the goal of 
developing new thermo-mechanical processing schedules for two-phase 
titanium alloys. Since the transformation of lamellar a to eqiaxed a occurs 
during working in the (a+3) field, its refinement depends on morphological 
characteristics of a lamellae prior to their deformation. Morphological 
charactenstics of a lamellae, in turn, depend on the conditioning of prior 3 
grains which was affected by thermo-mechanical variables in the p phase 
field. Details of different thermo-mechanical processing schedules have 
already been given in chapter 3. In principle, the condition of p grains was 
affected so as to (a) get coarse as well as fine recrystallized grain structure 
and (b) get pancaked p grain structure by working the alloy in the temperature 
field which does not cause dynamic recrystallization. These objectives were 
fulfilled by changing the following processing variables; 

(a) obtaining coarse p grain structure by annealing at 980°C, 
i.e. at a temperature of about 30°C above the transus, 

(b) producing pancaked structure of different size and aspect 
ratio by rolling the alloy vwth varying deformation at 980°C; 

(c) producing fine recrystallized p grains by subjecting the 
pancaked structure to recrystallization annealing treatment 
at 960°C for 30 seconds. 
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Figure 4.7(a) Microstructure Obtained from Ti-6-4 Alloy Water 

Quenching from 960°C (optical micrograph) 



Figure 4.7(b) .Microstructure Obtained from Ti-$-4 Alloy b^ Water 

Quenchin » from 980°C (optical micrograph) 
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Figure 4.7(c) Microstructure Obtained from Ti-6-4 AHov bv Water 

Quenching from 1000°C (optical micrograph) 



Figure 4.7(d) Microstructure Obtained from Ti-6^ Allov bv Water 
Quenching from 1020°C (optical micrograph) 


79 



Chapter 4: Results and Discussion 



Figure 4.7(e) 


Microstructure Obtained from Ti-6-4 Alloy Water 
Quenching from 980°C (SEM micrograph) 
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4.2.1 Effect of Thickness Reduction on B Grain Characteristics 

Stress-strain curves for high-temperature deformation of titanium 
alloys in the p phase field dearly indicate that the p phase does not undergo 
dynamic recrystallization [6]. The structure of p grains is well developed and is 
fairly resistant to recrystallization. However, it may undergo static recovery 
during deformation. To study the effect of deformation on the p grain 
characteristics, samples preheated at 980°C for 20 minutes were hot rolled to 
give 30% and 60% thickness reductions respectively. The hot-rolled samples 
were water quenched immediately after rolling. The microstructures of Ti-6-4 
alloy in these states are presented in Figure 4.8. Pancaked grains of p phase 
are readily seen in both the cases which clearly indicate that like other (a+P) 
titanium alloys, Ti-6-4 alloy also does not undergo dynamic recrystallization 
during its high temperature deformation at a strain rate of 10*’ sec"’ (estimated 
to be typical of rolling conditions prevailing under the present study). The fact 
that the pancaked grains of p were observed in the material even after 60% 
thickness reduction supports the above conclusion. It is clear from these 
micrographs that p grains become increasingly pancaked with increasing 
amount of deformation. 

4.2.2 Effect of Recrystallization Anneaiint on The Microstructure 

It has already been stated that conditioning of p grains involves 
obtaining coarse as well as fine recrystallized grains. Coarse reoystallized p 
grains are formed by heating In the p phase field whereas deformation in the p 
phase field followed by annealing at a lower temperature in the single phase 
field produces fine, recrystallized p grains.The effect of recrystallization 
annealing on the p grain structure is studied by subjecting one 60% deformed 
sample to recrystallization annealing by soaking at 960®C for only 30 seconds. 
Annealed specimen was then water quenched to retain p grain boundaries for 
their subsequent microstructural examination. The microstructure is presented 
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Figure 4.8 Microstructure Obtained from Ti-6-4 Alloy Deformed at 980°C 
^ with Thickness Reductions of 

(a) 30% and Water Quenched 

(b) 60% and Water Quenched 
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in the Figure 4.9. The heavily deformed structure as presented in Figure 
4.8(b) is transformed to a fine equiaxed (3 structure. A comparison vwth the 
microstructure shown in Figure 4.8(b) clearly indicates that the pancaked {3 
grains become equiaxed after annealing at such a low temperature i.e.10°C 
above the |3-transus temperature for only 30 seconds. Thus it can be seen 
that considerable refinement of 3 grains was achieved by the processing route 
V which involved short-time recrystallization annealing of pancaked p grains. 


4.2.3 Morphoiogy of Martensite Formed bv Different 6 Processing 
Routes 

The previous sub-sections have dealt with the microstructural 
evolution of 3 grains during different 3 processing routes followed in the 
present investigation. As discussed in Chapter 3, Figures 3.1 and 3.2, water 
quenching from various processing temperatures was an essential step in all 
the processing routes. Thus martensitic transformation occurred in the alloy 
after its processing in the 3 phase field. 

Typical martensitic microstructures obtained by water quenching 
of the alloy after different 3 processing routes are shown in Figure 4.10. 
Efforts were made to make quantitative measurements of the distribution of 
length and thickness of martensitic needles formed after different 3 
processing routes. These length and thickness distributions for various 
structures are shown in Figure 4.1 1( f is the % volume fraction of a lamellae 
or a', whichever is applicable). It can be seen that the length and thickness 
distributions for martensite are dissimilar for those obtained from (a) 
recrystallised 3 grains (Routes II and V) and (b) unrecrystallised pancaked 3 
grains (Routes 111 and IV). While the martensitic length distribution in both the 
recrystallized grain 3 structures is more or less same, the thickness of needles 
is some what higher in fine grain 3 structure. Similarly, though the martensitic 


83 




Chapter 4: Results and Discusion 


Figure 4.9 



Microstructure of The Sample 60% Deformed at 980°C 
Followed bv Recrvstallization Annealing at 960°C for 30 


Seconds. 
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Figure 4.10(a) Details of Typical Martensitic Microstructures Obtained 
After B Processing Through Route K 





Figure 4.10(b) Details of Typical Martensitic Microstructures Obtained 
After i Processing Through Route ill 
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Figure 4.10(c) Details of Tv rical Martens itic Microstructures Obtained 
After B Processing Through Route IV 
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Figure 4.10(d) Details of Tv « icai Martensitic Microstructures Obtained 
After B Processina Through Route V 
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Figure 4.11(a) Length Distribution of Martensitic Needies After B 
Processin. » for Different Routes 
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Figure 4.11(b) Thickness Distribution of Martensitic Needles After a 
Processing for Different Routes 
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length distribution is same for the two pancaked |3 grain structures, martensitic 
needles are found to be shorter than those produced in recrystallized f5 
structure. Further, the mean thickness in pancaked (3 structure is found to be 
lower for the sample deformed by 30% (Route III), than that deformed by 60% 
(Route IV). 


4.3 EFFECT OF THERMOMECHANICAL PROCESSING IN fg+B) PHASE 
FIELD ON MICROSTRUCTURAL REFINEMENT OF THE ALLOY 


It has already been discussed that the refinement of equiaxed 
primary a in (a+P) titanium alloys is essential for their improved superplastic 
behaviour. As suggested earlier, conditioning of primary a plates/lamellae In 
the starting microstructure prior to hot roiling in the (a+P) phase field is of 
utmost importance. Since primary a plates/lamellae form as a consequence of 
transformation of the p phase, their conditioning, in turn, depends on (a) 
conditioning of p grains, (b) cooling rate during p to a transformation, (c) 
cooling rate and temperature of transformation in case p is transformed to a' 
or a" and (d) the temperature of transformation of a' or a", if formed, to a. 
Effect of thermo-mechanical processing in altering characteristics of p grains 
has already been described and discussed in section 4.2. Conventional 
thermo-mechanical processing routes for (a+P) titanium alloys, involving 
deformation in the two-phase field, transform p to a by air cooling. In view of 
the formation of relatively thick primary a plates/lamellae under such 
processing conditions, this approach was not considered in the present study. 
In contrast, acicular primary a, which can be obtained by the transformation of 
a' or a" to a during preheating to hot rolling temperature, is known to be of 
considerably lower thickness and a higher aspect ratio [96]. However specific 
morphological features of acicular a are expected to depend on morphological 
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features of a' or a", which, in turn, are expected to depend on conditioning of 

P grains. Thus, the acicular a structure, obtained during preheating for hot 

rolling in specimens differently processed in the p phase field, i.e. by routes I 

to V, was hot rolled in the (a+p) phase field by giving the thickness reduction 

of 70% after soaking at 860°C. i.e. about 90°C below the p-transus. The effect 

of (a+p) working on samples earlier treated by different p processing 

schedules on the refinement of structure in Ti-6-4 alloy is described and 

discussed in the present section. 


4.3.1 Effect of Cooling Rate on The Structure 

In order to compare the effect of cooling rate from above the p- 
transus, on the structure of the alloy, two sets of samples were soaked at 
980°C for 20 minutes and were subsequently (a) furnace cooled and (b) water 
quenched from the soaking temperature. Martensitic structure of samples 
water quenched from 980°C has already been shown in Figure 4.7(e). Figure 
4.12 shows the microstructures of the furnace-cooled sample. As expected, 
furnace cooling from above the p-transus produced the equilibrium (a+p) 
Widmanstatten structure showing the typical basket-weave pattern of the a 
and p phases. 


4.3.2 Typ e of Martensite Formed As A Function of Processinc 

It has been shown in Section 4.1.4 that the water quenching of 
Ti-6-4 alloy from the p phase field lead to the transformation of the p phase to 
a mixture of a' and a" with a" being the major constituent. In order to find out 
whether or not thermo-mechanical processing of the alloy In (a+p) phase field 
has any effect, samples after the last rolling pass in the (a+P) phase field were 
quenched in water and were subjected to the XRD test. XRD patterns 
obtained from Route I to Route V are shown in Figures 4.13 to 4.17. It is to be 
noted that while samples obtained by Route I (P annealing followed by 
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Figure 4.12 Ec uilibrium (a+B) Widmanstatten Structure as Obtained 
From Sam » les Processed Through Route I After Stage I 
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Figure 4.14 Pattern of the Sample Treated Through Route 2 
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furnace cooling) did not show the orthorhombic martensite, i.e. a", in the 
water-quenched state after working in (a+3) phase field, the samples obtained 
from all other processing routes, i.e. routes ll-V, showed the presence of both 
orthorhombic as well as hexagonal martensites, a’ and a". It is to be noted 
that while the starting structure in routes ll-V before rolling in the (a+P) phase 
field was obtained by water quenching from the p phase field, that in Route I 
did not involve vwth water quenching from the p phase field. The presence of 
orthorhombic martensite in all the samples rolled by route II-V but not in those 
processed by Route I, gives an indirect indication that frie orthorhombic 
martensite forms after water quenching from p phase field and not when the 
Ti-6-4 alloy is quenched from (a+p) phase field. 

4,3.3 Effect of Conditioning of 6 Grains on Microstructural Refinements 
After Rolling in Two-Phase Field 

Microstructures of samples after rolling in the two-phase field 
are shown in Figure 4.18. It is observed that all the microstructures show very 
fine a homogeneously distributed in the p matrix. The variations in length and 
thickness distributions of the a lamellae and their mean aspect ratio and 
length as function of different processing routes are shown in Figures 4. 1 9 - 
4.22. It is observed that the minimum aspect ratio is exhibited by the sample 
processed through route II, but sample processed through route IV exhibits 
minimum length of a lamellae. The thickness, on the other hand, is minimum 
for the sample processed through route V. 

4.4 EFFECT OF RECRYSTALU2:ATI0N ANNEALING TREATMENT ON 
THE EVOLUTION OF EQUIAXED a STRUCTURE ON THERMO- 
MECHANICALLY PROCESSED 11-6-4 ALLOY 

Microstructure of two-phase titanium alloys after their working in 
the (a+p) phase field consists of either fragmented a plates or a plates which 
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Figure 4.18(a) 


Microstructure of the Sample Processed Throui h 
Route I After (a+3) Rolllnfi 




Chapter 4; Results and Discut>sion 



Figure 4.18(b) Microstructure of the Sample Processed Through 

Route II After (g+B) Rolling 



Figure 4.1 8(c) Microstructure of the Sample Processed Throut h 

Route III After (a+B) Rolllnr 
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Figure 4.20 Thickness Distribution of a Lamellae After Stage II for 
Different Routes 
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Figure 4.21 Mean Asr ect Ratio of a Lamellae for Different Routes 
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Figure 4.22 jVlean Length of a Lamellae for Different Routes 
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have undergone moderate-to-high plastic deformation. Many of these plates 
contain low and high angle aJa boundaries or shear bands across a 
plates/lamellae. The morphology of the a phase in the as-deformed structure 
may be altered if the structure is subjected to rcrystallization annealing in the 
(a+^) phase field. It has been proposed that the break-up of a lamellae into 
low aspect ratio grains occurs by either of the two processes' (1) penetration 
of the p phase from the opposite sides to complete the fragmentation of a 
phase or (2) formation of fresh high-angle aJa boundaries by the elimination of 
low-angle boundaries and sub-structure rotation followed by the penetration of 
the p phase. 

The conventional thermo-mechanical processing of two-phase titanium alloys 
therefore consists of post-deformation recrystallization annealing in the (a+p) 
phase field This treatment essentially transforms the lamellar a structure to 
an low-aspect ratio one. In the present study various themo-mechanically 
processed samples were subjected to recrystallization annealing at three 
different temperatures, namely 700°C, 800°C and 850°C i.e. 250°C, 150°C 
and 1 00°C below the p-transus respsectively for a period of 30 minutes. The 
effect of recrystallization temperature on the morphology and size of the a 
grains are discussed in the present section. 


4.4.1 Effect of Recrystallization Temperature on the Evolution of Low 
Aspect Ratio a Morphology in Ti-6^ aUov 

Microstructures of the alloy processed through Route Hi and 
recrystallized at 700°C, 800°C and 850°C for the annealing time of 30 minutes 
are shown in Figure 4.23. It is observed from these micrographs that the 
aspect ratio of a lamellae decreased and the volume fraction of low aspect a 
grains increased as the temperature of recrystallization in the two-phase field 
increased. Such a trend was observed in all the samples processed through 
routes I to V after their recrystallization. The aspect ratio distribution for the 
samples treated through routes I to V after their recrystallization at different 
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annealing temperatures are presented in Figure 4.24(a) to (e). These figures 
clearly indicate that the amount of lower aspect ratio a grains increased with 
increasing temperature of recrystallization and was found to be the highest, in 
all the cases, at 850°C. 


4.4.2 Effect of Recrystallization Temperature on the a Grain Size 

The mean size and size distribution of a grains are known to 
affect the superplastic behaviour of two-phase titanium alloys. As a grains 
present in the alloy after its recrystallization annealing contained some grains 
of aspect ratio > 5, the size of a grains was estimated to be that of equivalent 
sphere by the projected area diameter method [107]. Figures 4.25(a) to (e) 
show the grain size distribution of a grains in Ti-6-4 processed through routes 
I to V. it is dear that the volume fraction of grains of smaller size increased 
with increasing the recrystallization temperature. 

4.5 SUPERPLASTIC BEHAVIOUR OF THERMO-MECHANiCALLY 
PROCESSED Ti-6-4 ALLOY 

As discussed earlier, for achieving improved superplastic 
properties in (a+p) titanium alloys, both primary as vi/ell as secondary a phase 
morphology should be controlled through thermo-mechanical processing. It 
has been pointed out that not only the deformation mechanism, but also 
the dynamics of grain boundary dislocation adivity get altered, if grains are 
elongated rather than equiaxed. 

As discussed in Section 4.4, the fdlowing microstructural states 
in different processing routes were achieved at different stages. 
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Figure 4.24(d) Aspe ct Ratio Distribution of Sam f les processed 

Through Route IV and Recp 'statlized at Different 
Temperatures (as Mentioned In the Figures) 
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Figure 4.25(d) Grain Size Distribution of Samples processed 
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Route i; Basket-weave (a+jJ) structure (on furnace cooling from p phase) => 

a Lamellae in p matrix (on reheating) => Acicular a in p matrix (on 
a+p hot rolling) => Acicular a and a' in P matrix (on water quenching) 
=> Acicular and equiaxed a and a' in p matrix (on 
recrystallization). 

Route II: Packets of a' and a" martensites (on water quenching from p phase) 

=> Acicular a and a" in the matrix of p (on reheating) => Acicular a 
and a" in p matrix (on a+p hot rolling and quenching) => Acicular and 
equiaxed a and a' in p matrix (on recrystallization). 

Route 111 & IV: Pancaked p grains (on p hot rolling) => Packets of a' and a" 

(on water quenching) => Acicular a and a" in p matrix (on a+p hot 
rolling and quenching) => Acicular and equiaxed a and a’ in P matrix 
(on recrystallization) 

Route V: Pancaked p grains (on p hot rolling) => Packets of a' and a" ( on 

water quenching) => Fine recrystallized p grains (on p recrystallization) 

=> Packets of martensitic a! and a" (on water quenching) => Acicular 
a in p matrix (on reheating) => Acicular a, a' and a" in p matrix (on 
a+p hot rolling and quenching) => Acicular and equiaxed a in P matrix 
(on recrystallization) 

Microstructural features of Ti-6-4 alloy processed through 
different routes have already been described in Sections 4.2 — 4.4. Due to the 
limited availability of the thermo-mechanically processed Ti-6^ alloy sheets 
prepared through five different processing routes, few specimens were 
subjected to tests for the study of their superplastic deformation behaviour. 
Results obtained from those tests are discussed in the present section. 
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4.5.1 Flow Curves and the Strain Rate Sensitivity of 

Thermo-mechanicallv Processed Ti-6^ AHov before 
Recrvstallization Annealing 

The strain rate sensitivity, m value, of thermo-mechanically 
processed Ti-6-4 alloy, as a function of their processing, was evaluated from 
strain rate jump tests. These tests were carried out prior to their 
recrystallization annealing. Initially these tests were carried out at 800°C by 
varying the strain rate from 8x1 O'® to 2x10'^ sec ^ Figure 4.26(a) to (e) show 
In (true stress) vs In (true strain rate) curves obtained from the ioad vs 
elongation curves for samples tested at 800°C. A comparison of these plots 
indicates that the unconventional thermo-mechanical processing routes, 
routes 2-5, lead to a relatively lower flow stress structure in Ti-6-4 alloy than 
that obtained by the conventional processing route, i.e. route 1. Further, 
among the unconventional processing routes the flow stress of the material 
relatively increases as the amount of deformation in the j3 phase field, during 
processing in the 3 phase field, increases from 30% to 60%. However, when 
the pancaked 3 O^ain structure is recrystallized (Route 5), the flow stress of 
the alloy decreases to some extent. It can also be seen that In (true stress) vs 
In (true strain rate) curves show a sigmoidal behaviour with three different 
regimes of deformation, region I and region III at low and high strain rates 
respectively with region II at intermediate strain rate range. 

Strain rate sensitivity, m, values were obtained at different strain 
rates from the slopes of ln( true stress ) vs ln( true strain rate ) curves. Plots of 
/77 as a function of strain rate are shown in Figure 4.27(a) to (e). It can be 
observed from these figures that a maximum value of m (close to about 0.9) 
was obtained for the sample processed through route III and tested at 800°C 
with strain rate of 7.5x10'^ sec \ The samples processed through route 1 & II 
showed lower m values compared to the other routes. This gives a clear 





Figure 4.26(c) 
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Figure 4.26(d) .True Stress - True Strain Rate Curve for Route IV 
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Figure 4.27(d) - (e) Strain Rate Sensitivity as a Function of True j 

Strain Rate Tested at 80(rC j 
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indication that |3 processing does improve the superplastic behaviour of the 
material. 


As a few researchers have reported good superplastic properties 
in as-thermo-mechanically processed condition, i.e. before the 
recrystallization treatment, a few samples of the Ti-6-4 alloy were subjected to 
the total elongation test in their as-thermo-mechanically processed state. 
However, these test results indicated lower ductility. For example, for the 
sample processed through route IV and tested at 800°C at a strain rate of 
1 .7x1 0"^ sec'^ the total elongation at failure was found to be 375%. 

4.5.2 Flow Curves and the Strain Rate Sensitivity of 

Thermo-mechanicallv Processed Ti-6^ Alloy after 
RecrvstaHization Annealing 

The physical and mechanical properties of a and p phases are 
significantly different. For example, the flow properties of the a and p phases 
are quite different and also the self-diffusivity of the p phase differs with two 
orders of magnitude than that of the a phase. As deformation within thin p 
phase films is supposed to be the origin of large superplastic deformation[], 
higher temperature is expected to improve superplastic behaviour of the 
material. 


Fine equiaxed a grains surrounded by thin p phase films is a 
prerequisite for the superptastic deformation of Ti-64 alloy. As reported by H. 
InagakiO, a fine a' martensitic structure is fragmented into stringers of 
deformned a' particles during hot rolling in two-phase field and decomposed 
into a very fine and homogeneous distribution of a and p phases, which is 
thought to be the origin of enhanced superplasticity in the material, on 
reheating to the test temperature. The microstructure of an unrecrystallized 
sample obtained by Route IV and heated to the temperature of 800 C is 
shown in Figure 4.28 and many a grains with high aspect ratio may be seen 
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in the structure. As mentioned in the previous section, this unrecrystallized 
sample when tested at the temperature of 800°C at the strain rate of 1.7x10’^ 
sec'^ showed only 375% elongation. 

As mentioned in Section 4.4., the as-rolled samples, after 15 
minutes soaking at the annealing temperature of 800°C did not become 
equiaxed in nature. Therefore, in order to enhance the superplasticity, all the 
samples were recrystallized at 850°C for 30 minutes. This temperature and 
time combination was settled after investigation at different temperature and 
time combinations. At lower temperatures the structure did not at all form 
equiaxed grains or the volume fraction of equiaxed grains were very less, 
whereas, at higher temperatures, the equiaxed grains became coarser. The 
time was found to have less effect on morphological change or grain growth. 

Recrystallized samples of Ti-6-4 alloy were subjected to (1) 
strain rate jump test and (2) elongation to failure test. The load elongation 
curves for the strain rate jump test for samples produced from routes 1 -V, 
obtained at the test temperature of 850°C, are given in Figure 4.29(a) to (e). 
An important aspect of load-elongation curves obtained from recrystallized 
samples was that except for samples processed by route V (fine-grained p 
grains further hot rolled in the (a+p) phase field) all other samples showed 
serrated flow in some specific strain rate domains. The strain rate range 
displaying the serrated flow was found to be widest for samples processed 
through Route III, i.e. the one involving working of pancaked p grains 
(deformed by 30% reduction) in the (a+p) phase field. Plots of In (true stress) 
vs In (true strain rate) were obtained from the load-elongation curves. These 
plots are shown in Figure 4.30. It can be observed from these curves that the 
flow stress of the alloy was reduced after the recrystallization treatment and 
was found to be lower for the condition of the alloy subjected to p processing 
schedules. 
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Figure 4.29(a) Load -- Elo ngation Curve for Route I Tested at Rfin°n 
Different Strain Rates 
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Figure 4.29(d) Load - Elongation Cu rve for Route iV Tested at 850°C 
Different Strain Rafes 
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Figure 4.30(c) 


True Stress - True Strain Rate Curve for Route 111 After 


Rex. Annealing at 850°C. Tested at 850°C 



Jrue Stress - True Strain Rate Curve for Route IV After 
Rex. Annealing at 850°C, Tested at 850°C 


Figure 4.30(d) 




Chapter 4; Results and Discussion " 




Chapter 4: Results and Discussion 


The strain rate sensitivity, m, values were obtained from the 
slopes of In (true stress) vs In (true strain rate) curves. The variation of m 
value with strain rate is shown in Figure 4.31(a) and (b). 

Due to the limited amount of differently thermo-mechanically 
processed Ti-6-4 alloy, elongation to failure tests were carried out at strain 
rates of maximum n? value for different samples. The load vs elongation 
curves for the samples are given in Figure 4.32(a) to (e). A highest elongation 
of 730% was recorded for the material treated through route IV and tested at 
a strain rate of I.SxlO"^ sec‘\ Figure 4.33 shows microstructure at different 
positions of the sample giving highest elongation value. It is to be noted from 
this figure that considerable grain growth occured in the sample near the 
fracture tip. Microstructures of the samples near the fractured region of the 
sample from each processing steps were examined and the mean size of a 
grains was estimated. The starting as well as the final mean grain size of the 
a grains in samples obtained by each of the processing route is shown in 
Table 4.1. It can be seen that the samples processed through routes IV and II 
underwent the slowest grain growth. It is also observed from figure 4.32 that 
the sample treated through route V exhibited a relatively lower total elongation 
of 450%. 


A comparison will now be made between results obtained in the 
present study and those reported in the literature. It is to be noted that an 
extensive work has been reported by earlier workers on superplastic 
characteristics of Ti-6A1-4V alloy [62]. However, the following differences 
between the present study and those undertaken by earlier workers clearly 
stand out: 

(1) Except for a few exceptions [86,87], the studies 
undertaken by previous \A/orkers are confined to analyse 
the superplastic behaviour of Ti-6-4 alloy processed by 
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Figure 4.31 (a) - (c) Strain Rate Sensitivity as a Function of True 

Strain Rate for Different Rotes After Rex. 
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Figure 4.31 (d) - (e) Strain Rate Sensitiv ity as a Function of True 

Strain Rate for Different Rotes After Rex, 
Annealing at « 50°C. Tested atSSO^C 
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Figure 4.33 Microstructures of the Elongated Sample Treated Throu gh 
Route IV at Various Locations (tested at 850°C) 
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Processing 

Routes 

Grain Size After 
Receystallization 

Grain Size 
After 

Superplastic 

Testing 

I 

3.28 

10.29 

II 

3.19 

8.38 

II 

3.00 

8.99 

! 

IV 

3.29 

7.81 

V 

3.53 

11.19 


Table 4.1 Equivalent Grain Size Value After 
Recrvstallization Annealing and after 
Superplastic Testing at 850°C 
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the conventional thermo-mechanical processing route. The 
variables studied in these works are (i) the grain size distribution 
and the mean size of a grains [77,108,109], (ii) aspect ratio and 
the aspect ratio distribution of non-equiaxed a grains, when 
present, [102] (iii) the concurrent grain growth occurring in the 
alloy during superplastic deformation [75,110], (iv) minor alloying 
elements when present in the a!loy[80] and (v) the texture 
present in the material[1 1 1 ]. On the other hand, the present work 
was undertaken to study the superplastic behaviour of Ti-6-4 
alloy microstructurally refined by adopting new unconventional 
thermo-mechanical processing routes incorporating processing 
variables to modify the morphology of prior p grains. 

(2) While earlier reported wrarks are confined to the normal 
grades of Ti-6-4 alloy containing about 1 100 to 1500 ppm 
of oxygen deliberately added to the alloy, the present 
work was under taken to study the superplastic behaviour 
of the extra-low interstitial (ELI) grade of Ti-6-4 alloy. 
Thus, while the p-transus of the material used in earlier 
studies is reported to be lying between 980°C and 990‘’C, 
that of the material used in the present investigation was 
lower and was found to be 950 ± 5°C. 

(3) Many of the earlier reported studies have used round bars 
or thicker plates for preparing tensile samples. However, 
sheets of thickness ranging from 1.8 mm to 2.0 mm. 
produced by different thermo-mechanical processing 
routes were used in the present investigation. Also, due to 
(i) the maximum length limitation of the superplastic 
testing set-up and (ii) the limited availability of the thermo- 
mechanically processed alloy for all the five processing 
routes, non-standard samples of the gauge length of 6.00 
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mm were tested in the present study. Further, the high- 

temperature tensile tests were conducted under 
atmospheric conditions. 

The volume fractions of a and p phases is known to have an effect on 
the strain rate sensitivity, m, and the % total elongation displayed by the 
material. Figures 4.34 and 4.35 show the effect of volume % of the p phase 
for various two-phase titanium alloys on their strain rate sensitivity and % total 
elongation. The volume fraction of a phase, as a function of soaking 
temperature below the p-transus temperature, for the present alloy has been 
shown in Figure 4.36. Thus, it may be inferred that various thermo- 
mechanically processed samples used in the present study and tested at 
850°C contained about 55% of the p phase at the testing temperature. For 
similar volume fractions of a and p phases the reported values of the strain 
rate sensitivity and % total elongation are about 0.8 and 580-590% 
respectively. Highest values of the strain rate sensitivity, m, and % total 
elongation for the alloy processed through each processing route are shown 
in Table 4.2. It must be noted that the alloy processed through routes 11 and IV 


Table 4.2 Superplas tic Properties in Different Processin g Routes 


Processing Route 

Max./n Value 

%Total Elongation 

I 

I 

0.57 

335 

II 

0.55 

625 

III 

0.70 

330 

IV 

0.68 

730 

V 

0.87 

450 
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Figure 4.34 mas a Function of 3 Phase Content for Different Ti Alloys. 



Figure 4.35 Total Elongation as a Function of 3 Phase Content for 
Different Ti Alloys 
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Figure 4.36 



TEMP |«C1 


Variation of a Volume Fraction with Temperature for 
Different Ti Alloys (circles represent points corresponding 
to present investigation) 
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provide higher % total elongation. The very fact that the tensile tests in the 

present investigation were conducted on thinner and shorter samples without 

the presence of the protective atmosphere and yet superior % total elongation 

values are obtained, shows that the alloy processed through the newly 

conceived thermo-mechanically processing routes must be having even 

superior superplastic behaviour when studied under comparable testing 

conditions. 
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CONCLUSIONS 

Extra-Low Interstitial (ELI) grade of Ti-6AI-4V alloy was 
processed through unconventional thermo-mechanical processing routes 
involving (a) conditioning of prior {3 grains and (b) altering the morphology of a 
lamellae prior to working of the alloy in the (a+j3) phase field. Microstructural 
features of the alloy processed through five different processing routes were 
analysed. The alloy processed through different routes and subsequently 
subjected to the (a+P) recrystaliization annealing treatment was subjected to 
analyse its superplastic behaviour by the step strain rate as well as the 
elongation-to-failure tests. Microstructural features of failed samples were also 
examined. The following conclusions can be drawn from the results of the 
present study. 

(1) The alloy Ti-6-4, during its processing in the p phase field up to the 
rolling temperature of 980°C, i.e. about 30‘’C above the p-transus 
temperature does not undergo dynamic recrystallization even at a 
deformation as high as 60%. However, the alloy undergoes rapid 
recrystallization and grain grov/th during subsequent annealing in the p 
phase field. 

(2) The condition of p grains prior to their water-quenching has 
considerable effect on (a) the morphology of the martensitic needles 
and (b) acicular a plates/lamellae formed prior to hot rolling of the alloy 
in the (a+p) phase field. 

(3) Results from the X-ray diffraction clearly indicate that both 
orthorhombic as well as hexagonal martensites, a" and a', form when 
the alloy is quenched from the p phase field. However, the quenched 
structure of the alloy comprises primarily of the orthorhombic 
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' martensite, a". In contrast, when the alloy is quenched from the two- 

phase (a+P) phase field the p phase present in the alfoy transforms 
only to the hexagonal martensite, a'. TTius the alloy quenched after p 
processing and further heated to the (a+P) phase field for its preheating 
before rolling in the two-phase field is found to contain orthorhombic 
martensite, a", indicating that the orthorhombic martensite is stable 
even at the heating temperature of 850°C. 

(4) The p processed alloy undergoes a considerable microstructural 
refinement during rolling in the (a+P) phase field at 860°C by the 
thickness reduction of 70% 

(5) Recrystallization annealing in the (a+P) phase field helps in 
transforming the structure from mixed morphology consisting of acicular 
and equiaxed primary a to a nearly equiaxed one. However, it is 
observed that those recrystallized microstructural states which contain 
higher volume fraction of equiaxed a grains undergo faster grain 
growth during superplastic testing than those which contain a wider 
distribution of the aspect ratio of a grains. 

(6) Unrecrystallized alloy treated through Route IV gives 375% total 
elongation when tested at the temperature of 800°C at the strain rate of 
1.7x10'^sec'\ 

(7) Among the five different thermo-mechanical processing routes studied 
in the present investigation, the maximum total elongation was 
obtained for the recrystallized samples prepared by Route IV when 
tested at 850°C at the strain rate of 1.4x10*^ sec'V The % total 
elongation displayed by the alloy under these conditions was found to 
be 730%. The next highest % total elongation (630%) was obtained in 
the recrystallized alloy processed through Route il when tested at the 
temperature of 850“C at the strain rate of 7.2x1 Q-^sec'^ 
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(8) Microstructural examination of failed samples indicate that alloy 

samples processed through routes IV and II, which also displayed 
maximum % total elongation, underwent the least grain growth. 

(9) The results of the present work thus indicate that the p processing 
variables studied in the present investigation serve as a useful method 
for the microstructural refinement and enhanced superplastic 
characteristics of extra-low interstitial (ELI) grade of Ti-6A1-4V alloy. 
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